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Abstract
Background: In mammals, the hibernating state is characterized by biochemical adjustments, which include
metabolic rate depression and a shift in the primary fuel oxidized from carbohydrates to lipids. A number of studies
of hibernating species report an upregulation of the levels and/or activity of lipid oxidizing enzymes in muscles
during torpor, with a concomitant downregulation for glycolytic enzymes. However, other studies provide
contrasting data about the regulation of fuel utilization in skeletal muscles during hibernation. Bears hibernate with
only moderate hypothermia but with a drop in metabolic rate down to ~ 25% of basal metabolism. To gain
insights into how fuel metabolism is regulated in hibernating bear skeletal muscles, we examined the vastus
lateralis proteome and other changes elicited in brown bears during hibernation.
Results: We show that bear muscle metabolic reorganization is in line with a suppression of ATP turnover.
Regulation of muscle enzyme expression and activity, as well as of circulating metabolite profiles, highlighted a
preference for lipid substrates during hibernation, although the data suggested that muscular lipid oxidation levels
decreased due to metabolic rate depression. Our data also supported maintenance of muscle glycolysis that could
be fuelled from liver gluconeogenesis and mobilization of muscle glycogen stores. During hibernation, our data
also suggest that carbohydrate metabolism in bear muscle, as well as protein sparing, could be controlled, in part,
by actions of n-3 polyunsaturated fatty acids like docosahexaenoic acid.
Conclusions: Our work shows that molecular mechanisms in hibernating bear skeletal muscle, which appear
consistent with a hypometabolic state, likely contribute to energy and protein savings. Maintenance of glycolysis
could help to sustain muscle functionality for situations such as an unexpected exit from hibernation that would
require a rapid increase in ATP production for muscle contraction. The molecular data we report here for skeletal
muscles of bears hibernating at near normal body temperature represent a signature of muscle preservation
despite atrophying conditions.
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Background
Hibernation has evolved in a variety of mammalian
species as an adaptive strategy to survive harsh winter
environmental conditions, including seasonal cold am-
bient temperatures and food shortages [1, 2]. Hiber-
nation/torpor expression implies trade-offs – on one
hand physiological costs such as reduced memory re-
tention, reduced immunocompetence and accumula-
tion of sleep debt, and on the other hand, the major
benefit of substantial fuel/energy conservation [3]. To
save energy during the prolonged period of winter
fasting, hibernators rely essentially on decreased
metabolic rates over extended periods of deep torpor
characterized by physical inactivity, reductions of
heart and breathing rates and decreased body
temperature [1]. Within this framework, the hiberna-
tion of bears represents an extreme phenotype that
can last for up to 6-7 months [4] during which in-
active animals do not eat, drink, urinate, defecate, or
exhibit arousal episodes [5, 6]. Many aspects of bear
physiology remain to be elucidated, including how
their metabolism is regulated to enable them to en-
dure such prolonged hibernation periods.
An average reduction in metabolic rate to 4.4% of nor-
mal basal rates and a decrease in body temperature down
to about 6 °C have been calculated from the data available
for 50-80 species of mammals that hibernate [2]. Relation-
ships between reduced metabolic rate during hibernation
and the body size and body temperature of hibernators
have been nicely discussed elsewhere [7–9]. Metabolic rate
and body temperature are clearly linked, but the dramatic
reduction of metabolic rate has also been attributed to an
active inhibition of many metabolic activities in a number
of species [7–9]. However, the relative contributions of
passive thermal effects (the so-called Arrhenius effect)
versus active enzyme inhibition to metabolic suppression
may differ among hibernators. Unlike the small mammal
hibernators, such as rodents and bats of less than 10 kg
[2], hibernating bears (family Ursidae; 80-100 kg [2]),
maintain high body temperatures (32-35 °C), and the
75% decrease in bear metabolic rate that has been re-
corded is essentially achieved via active metabolic in-
hibition, independent of body temperature [5, 10, 11].
During hibernation, bears rely solely on body fuel re-
serves. Fat storage is increased prior to hibernation;
e.g. Swedish brown bears (Ursus arctos) achieve this
by notably overeating carbohydrate-rich berries [12].
Energy requirements are then met mainly through
mobilization and oxidation of lipid fuels, bears losing
22-25% of body mass over the hibernating season [5,
13] with only a moderate loss of muscle protein [14,
15]. Accordingly, respiratory quotient (RQ) values as
low as 0.62 to 0.73 have been recorded during den-
ning [16]. However, the molecular mechanisms that
are involved in organ/tissue metabolic adjustments
have not yet been fully elucidated.
Skeletal muscle has a relatively low resting metabolic
rate [17], but because it can account for as much as 40%
of total body mass in humans [18], muscle is a major
determinant of resting energy expenditure [19]. In
addition, it has been reported that biochemical charac-
teristics of skeletal muscle (i.e. in terms of enzymatic
activities) are an important determinant of human
whole-body metabolic rate and substrate oxidation [20].
Therefore, it could be proposed for hibernators that, as
for the whole body, the metabolic fuel preference of
skeletal muscle during hibernation is also lipids, whereas
glucose oxidation is reduced. However, contrasting data
exist about the regulation of fuel metabolism during
hibernation, not only between small and large hiberna-
tors, but also between different studies of the same small
mammal species. Whereas no coordinated transcrip-
tional changes for genes involved in lipid catabolism has
been recorded for the muscle of American black bears
(Ursus americanus) [21], an increase in fatty acid oxida-
tion during hibernation is supported by the upregulation
of genes and proteins related to fatty acid catabolism in
the muscle of hibernating thirteen-lined ground squirrels
(Ictidomys tridecemlineatus) [22–25] and arctic ground
squirrels (Urocitellus parryii) [26], as well as the muscle
of Asiatic black bears (Ursus thibetanus) [27]. Concern-
ing glucose metabolism, most of the available data sup-
port a decrease in muscle glycolysis during hibernation.
Indeed, the recent application of transcriptomics tech-
nology has highlighted a coordinated under-expression
of genes involved in glycolysis in skeletal muscles of
both ground squirrels (I. tridecemlineatus, U. parryii) as
well as U. thibetanus during hibernation [25–28]. In
addition, it has been reported that protein and/or
activity levels of hexokinase in muscle of Richardson’s
ground squirrels (Urocitellus richardsonii) [29] and of
glyceraldehyde-3-phosphate dehydrogenase in jerboa
(Jaculus orientalis) [30] are reduced during hibernation.
Consistently, proteomics analysis has shown diminished
levels of glycolytic-related proteins in the muscle of
winter thirteen-lined ground squirrels [22, 23]. More-
over, the kinetic characteristics of phosphofructokinase
and fructose-1,6-bisphosphate aldolase at low tempera-
tures could also be involved in suppressing glycolysis
during hibernation, as suggested for the golden-mantled
ground squirrel (Callospermophilus lateralis) [31, 32].
Finally, the link between muscle glycolysis and the tri-
carboxylic acid cycle appears to be disrupted during hi-
bernation; for example, the mRNA and protein levels of
PDK isozyme 4 (PDK4), which is known to inhibit pyru-
vate dehydrogenase (PDH) [33], are increased during
hibernation in skeletal muscles of I. tridecemlineatus
[34]. Conversely, other studies of this same species have
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reported results that may indicate maintenance of
muscle glycolysis during hibernation. For example,
carbohydrate-responsive element binding protein
(ChREBP), a transcription factor activated by glucose
metabolites, is more active in muscles of torpid squirrels
[35]. Moreover, some kinetic features of muscle pyruvate
kinase [36], the limited PDH regulation via phosphoryl-
ation [37], and the post-translational phosphorylation
state of phosphoglucomutase (PGM1) [23] may also
favour muscle glycolysis during hibernation.
The aim of the present study was to apply quantitative
proteomics and biochemistry to brown bear skeletal
muscle to test the hypothesis that changes in enzyme
abundance and activity correspond to the expected de-
crease in metabolic rate and to determine if they could
help to identify muscle fuel preferences (i.e. oxidation of
lipid versus carbohydrate substrates). The results show
that changes in enzyme activities do indeed appear to be
relevant targets to gain insights into the biochemical
mechanisms involved in metabolism suppression during
hibernation. The metabolic reprogramming in muscles
of hibernating brown bears does involve glycolysis
although lipids remain the preferred fuels but with their
rate of oxidation being reduced due to metabolic rate
depression. Such regulations favour energy savings and
the maintenance of muscle proteins in bears hibernating
at a core body temperature that remains close to that of
the summer-active period.
Results
Bear muscle proteome is dramatically changed during
hibernation
From label-free quantitative proteomics data (XIC), stat-
istical analysis highlighted significant seasonal effects in
the abundance of 146 muscle proteins, 67 of them being
decreased and 79 increased in hibernating versus active
bears (Fig. 1a, see also Additional file 1: Table S1).
Using two-dimensional difference in-gel electrophor-
esis (2D-DIGE), gel image analysis highlighted 28
protein spots (Additional file 3: Figure S1) exhibiting dif-
ferential (p < 0.05) intensity in hibernating versus active
bears (Additional file 2: Table S2). More precisely, the
intensity of nine of these protein spots was lower in
hibernating than active bears, whereas the reverse was
Fig. 1 Overview of bear muscle proteomic response to hibernation. Changes in the proteome of brown bear vastus lateralis muscle between
active (summer) and hibernating (winter) periods (N = 7 per season) are shown as heatmaps of differentially expressed proteins that were
produced by hierarchical clustering from the MS1 quantitative-based (panel a) and 2D-DIGE-based (panel b) analyses. Signal values between
animals from the two seasons were successfully discriminated (green, black and red boxes represent downregulated, intermediate and
upregulated proteins, respectively). Functional annotation analysis from differential proteins revealed enriched Gene Ontology terms, which
allowed determination of broad functions significantly affected by hibernation (panel c; filled circles represent the broad functions depicted by
proteins that are discussed in this paper). Detailed protein abundances and fold changes are given in Additional file 1: Table S1 and Additional
file 2: Table S2. AA: amino acid metabolism; Dev.: development & differentiation; ECM: extracellular matrix; Hyp.: response to hypoxia; Ox. Stress:
response to oxidative stress
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observed for the remaining 19 spots (Fig. 1b). Mass
spectrometry allowed 62 different proteins to be identi-
fied in these 28 protein spots, including 47 proteins that
were considered as ‘major proteins’ (i.e. more abundant
in given spots; see Methods section) and thus purport-
edly responsible for the changes in protein spot inten-
sities (Additional file 2: Table S2).
Importantly, the overlap of quantitative data between
the two proteomics approaches was highly consistent, as
all of the eight commonly identified proteins exhibited
very similar seasonal effects (Additional file 2: Table S2).
From a merged list of differentially-expressed proteins
coming from the two proteomics approaches, functional
annotation analysis revealed that differences between
hibernating and active bears involved mostly proteins
known to play roles in muscle metabolism in a broad
sense and in structural remodelling (Fig. 1c). Based on
these data, we decided to focus our attention and extend
the analysis for a more in-depth examination of muscle
fuel metabolism.
Fig. 2 Regulation of metabolism-related factors in hibernating bear muscles. The relative abundance of muscle (vastus lateralis) proteins in winter
(hibernating) versus summer (active) brown bears (N = 7 per season) is shown using the following colour code: significantly (Welch student and
paired Student tests; P < 0.05) up- and down-regulated proteins are shown in red and green boxes, respectively; black boxes show proteins that
did not change, and white boxes show proteins that were not detected (in black letters) or those for which slightly less reproducible up- (in red)
or down- (in green) regulation was recorded. FABP3 (in orange) was identified in two distinct protein spots (2D-DIGE strategy) that exhibited
opposite responses, suggesting the possible occurrence of post-translational modifications. Detailed protein abundances and fold changes are
given in Additional file 1: Table S1 and Additional file 2: Table S2. WAT: white adipose tissue
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Bear muscle proteomics highlights the regulation of fuel
metabolism during hibernation
We achieved a nearly comprehensive detection of the
muscle proteins involved in lipid oxidation, glycolysis, and
major ATP production (mitochondrial respiratory chain)
and consumption (e.g. ion pumping Na+/K+ and Ca2+
ATPases) processes. The data supporting the changes de-
scribed below are presented in Fig. 2 and Additional file 1:
Table S1 and Additional file 2: Table S2.
Regarding muscle lipid metabolism, the expression
levels of only two proteins remained essentially un-
changed in winter versus summer bears, namely fatty
acid translocase (CD36) and mitochondrial carnitine/
acylcarnitine carrier protein (SLC25A20). Fatty acid
binding protein 3 (FABP3) was detected in two different
protein spots on 2D-DIGE gels, one exhibiting signifi-
cantly lower (1.3 times) and the other higher (1.2 times)
intensity in hibernating versus active bears. All other
proteins involved in fatty acid beta-oxidation were found
at significantly lower levels during hibernation, including
long chain fatty acid-CoA ligase 1 (ACSL1; 2.2 times),
carnitine O-palmitoyltransferases 1 (CPT1B; 3.4 times)
and 2 (CPT2; 1.2 times), short/branched chain specific
acyl-CoA dehydrogenase (ACADSB; 1.5 times),
enoyl-CoA delta isomerases 1 (ECI1; 1.5 times) and 2
(ECI2; not detectable in winter), trifunctional enzyme
subunit alpha (HADHA; 1.3 times) and beta (HADHB;
1.4 times), 3-hydroxyacyl-CoA dehydrogenase type-2
(HSD17B10; 1.6 times), enoyl-CoA hydratase (ECHS1;
1.5 times), hydroxyacyl-CoA dehydrogenase (HADH; 1.4
times), 3-ketoacyl-CoA thiolase (ACAA2; 1.5 times), and
acetyl-CoA acetyltransferase (ACAT1; 1.6 times).
Similarly, all the proteins of the tricarboxylic acid cycle
were downregulated in hibernating bear muscle, includ-
ing citrate synthase (CS; 1.5 times), aconitate hydratase
(ACO2; 1.5 times), isocitrate dehydrogenase (IDH2; 1.4
times) and isocitrate dehydrogenase subunits alpha,
(IDH3A; 1.8 times), beta (IDH3B; 1.7 times) and gamma
(IDHG; 2 times), 2-oxoglutarate dehydrogenase (OGDH;
1.4 times), succinyl-CoA ligase subunits alpha and beta
(SUCA and SUCB1; 1.5 times), fumarate hydratase (FH;
1.5 times), and malate dehydrogenase (MDH2; 1.4
times).
Mitochondrial membrane respiratory chain protein
complexes I to V are each composed of multiple differ-
ent subunits that were similarly downregulated in hiber-
nating bear muscles, including several subunits of
NADH dehydrogenase (NDUFA9, NDUFA10, NDUFB9,
NDUFB10, NDUFS1, NDUFS2, NDUFS3, NDUFS8,
NDUFV1, NDUFV2; 1.4-2.1 times; as well as MT-ND5
not detectable in winter), succinate dehydrogenase
(SDHA and SDHB; 1.3-1.4 times), cytochrome c reduc-
tase (UQCRC2, CYC1 and UQCRFS1; 1.3-1.5 times),
cytochrome c oxidase (COX2 and COX5A; 1.4-2.7
times), and ATP synthase (ATP5A1, ATP5B, ATP5C1,
ATP5F1, ATP5H and ATP5O; 1.2-2.7 times). Six other
NADH dehydrogenase subunits, one other subunit of
cytochrome c reductase, and two other ATP synthase
subunits were detected and also showed a reduced trend
in muscle of hibernating bears, although differences
were not statistically significant. Levels of other proteins
closely related to the mitochondrial respiratory chain
and/or membrane potential were also reduced in winter
bears, including phosphate carrier protein (SLC25A3;
1.9 times), ADP/ATP translocases 1 and 3 (SLC25A4 or
ANT1 and SLC25A6 or ANT3; 1.4-1.7 times), NAD(P)
transhydrogenase (NNT; 2 times), and mitochondrial
carrier homolog 2 (MTCH2; 1.6 times). Finally, the
abundance of mitochondrial creatine kinase was
decreased during hibernation (CKMT2; 1.5 times), as
well as that of voltage-dependent anion-selective chan-
nel proteins 1 and 2 (VDAC1 and VDAC2; 1.5 times),
whereas voltage-dependent anion-selective channel pro-
tein 3 (VDAC3) remained unchanged.
Glycogen metabolism proteins were regulated during
hibernation, with decreased levels of glycogen synthase
(GYS1; 1.3 times) but increased levels of glycogen
phosphorylase (PYGM and PYGB; 1.2-1.8 times) and
phosphoglucomutase-1 and -2 (PGM1 and PGM2; 1.3-1.4
times). Concerning glycolysis, only levels of
ATP-dependent 6-phosphofructokinase (PFKM) remained
stable between winter and summer bears. The levels
of all other proteins were found to increase during hi-
bernation, including those of EH domain-containing pro-
tein 2 (EHD2; 1.6 times), glucose-6-phosphate isomerase
(GPI; 1.4 times), fructose-bisphosphate aldolase A
(ALDOA; 1.3 times), triosephosphate isomerase (TPI1; 1.2
times), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 1.2 times; P = 0.052), phosphoglycerate kinase 1
(PGK1; 1.2 times), phosphoglycerate kinase 2 (PGAM2;
1.4 times), alpha-, beta- and gamma-enolase (ENOA,
ENOB and ENOG; 1.3-1.4 times), and pyruvate kinase
(PKM; 1.3 times). One protein of gluconeogenesis was
detected, namely fructose-1,6-bisphosphatase isozyme
2 (FBP2), with decreased levels (1.2 times) in skeletal
muscle of hibernating animals.
Examining the different pathways of pyruvate metabol-
ism, we observed decreased levels of pyruvate dehydro-
genase E1 component subunits alpha and beta (PDHA1
and PDHB; 1.4 times) in winter versus summer bears,
whereas increased levels were recorded for pyruvate
dehydrogenase kinase isozyme 4 (PDK4; not detectable
during summer) and malic enzyme (ME1; 2 times). The
levels of lactate dehydrogenase A and B chains (LDHA
and LDHB) and of alanine aminotransferase 1 (ALAT1)
were not significantly different between seasons. In
addition, we observed upregulation of cytosolic malate
dehydrogenase (MDH1; 1.3 times) and aspartate
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aminotransferase (GOT1; 1.3 times) and downregulation
of mitochondrial 2-oxoglutarate/malate carrier protein
(SLC25A11; 1.6 times), calcium-binding mitochondrial
carrier protein Aralar2 (SLC25A13; 1.4 times), and mito-
chondrial aspartate aminotransferase (GOT1; 1.3 times)
in hibernating bears.
The levels of cytosolic creatine kinase were in-
creased during winter (CKM; 1.2 times). Of the main
ion pumps of muscle cells, Na+/K+ ATPase was not
detected, but the levels of obscurin were increased
during hibernation (OBSCN; 1.7 times), as were those
of cAMP-dependent protein kinase A (PKA) subunits
(PRKAR1A and PRKAR2A; 2.1-2.6 times, and
PRKACA; 1.3 times with P = 0.06). The levels of three
isoforms of sarcoplasmic/endoplasmic reticulum Ca2+
ATPase (SERCA1-3) remained stable between winter
and summer bears.
Bear muscle proteome changes were validated by
quantitative RT-qPCR, western-blot and enzyme activity
assays
Regarding lipid metabolism, the levels of fatty acid translo-
case (CD36) remained unchanged between winter and
summer bears, both at the mRNA and protein levels
(Fig. 3A and Additional file 4: Figure S2). The decrease in
hydroxyacyl-CoA dehydrogenase (HADH) protein levels
during winter was not statistically significant. However,
HADH enzymatic activity was significantly reduced in
hibernating bears, with a similar 1.5-1.7-fold magnitude,
regardless of whether the temperature at which reaction
was carried out was 33 °C or 37 °C, to mimic the mean
body temperature of bears during winter and summer,
respectively.
Concerning the tricarboxylic acid cycle and mitochon-
drial respiratory chain, significantly decreased protein
levels of citrate synthase (CS; 2 times) and subunits of
mitochondrial complexes I, II, IV and V (1.3-1.7 times)
were observed in the skeletal muscle of hibernating
bears (Fig. 3B and Additional file 4: Figure S2). Consist-
ently, enzymatic activity levels of CS and cytochrome c
oxidase (COX, complex IV) were also reduced signifi-
cantly by 1.5-1.9 times during winter, when performing
the reaction at either 33 °C and 37 °C (Fig. 3C). As a
consequence, the COX/CS activity ratio was not differ-
ent between winter and summer. When activity assays
were performed at 37 °C, the COX/CS activity ratio was
nevertheless significantly lower than when activity assays
were performed at 33 °C (1.4 times for summer samples
and 1.8 times for winter samples).
Concerning glycolysis, pyruvate kinase activity in bear
muscle remained stable across seasons, when measured at
either 33 °C or 37 °C (Fig. 4A). Enzymatic activity levels of
lactate dehydrogenase (LDH), which catalyses pyruvate
conversion to lactate, were found to be increased in hiber-
nating bears, not significantly when the reaction was per-




Fig. 3 Repression of lipid metabolism and mitochondrial oxidative phosphorylation in winter bear muscles. Protein or mRNA expression levels of
fatty acid translocase (CD36), mitochondrial hydroxyacyl-coenzyme A dehydrogenase (HADH), citrate synthase (CS) and subunits of the five
oxidative phosphorylation (OXPHOS) complexes (C-I to C-V) were measured using RT-qPCR and/or Western-blot analysis in vastus lateralis muscle
samples from brown bears in summer (white bars) and winter (black bars) (panels A and B; N = 8-12 per season). Corresponding blots are shown
in Additional file 4: Figure S2. Maximum enzymatic activities (panels A and C) for HADH, CS and cytochrome c oxidase (COX) were measured at
33 °C and 37 °C (N = 7 per season). Data are expressed as means ± sem. Statistical significance is shown for paired student t-tests (* P < 0.05; ** P
< 0.01) or post-hoc Tukey tests that followed type III ANOVA (values that do not share the same superscript letter are significantly
different; P < 0.05)
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37 °C (Fig. 4A). Gene expression levels of membrane lac-
tate transporters (Fig. 4B) were either unchanged between
seasons (monocarboxylate transporter 1, MCT1 or
SLC16A1) or significantly decreased during winter
(monocarboxylate transporter 4, MCT4 or SLC16A3; 2.3
times). Finally, we also oberved a decreased gene expres-
sion of aquaporin 7 (AQP7; 3.2 times) in hibernating bear
muscle, although in the aquaporin family, this isoform ac-
tually has a major role as a glycerol transporter (Fig. 4C).
Bear plasma metabolite profiles are changed during
hibernation
Plasma metabolite measurements assayed via enzymatic
kits and those derived from nuclear magnetic resonance
(NMR) analysis were in good agreement for glucose and
lactate levels (Table 1). Thus, glycaemia tended to be
higher in winter compared to summer, but the difference
did not reach significance. Oppositely, lactate levels were
significantly reduced in hibernating bear plasma (1.4-2
times). Free fatty acid levels were increased during hiber-
nation (2.7 times) (Table 1). Concerning glycerol levels,
the significant decrease (1.3 times) in winter, measured
using NMR-based analysis, was also found using the en-
zymatic kit when considering exactly the same samples
(see Table 1 and the red dots in Fig. 4C). Because the
values were markedly variable among individuals, espe-
cially in summer, we extended the measurement of gly-
cerol levels to 25 bears and still observed no significant
seasonal effect (Table 1 and Fig. 4C). We also observed
significantly higher circulating levels of triacylglycerols
(1.3 times), 3-hydroxybutyrate (1.7 times), betaine (1.4
times), and creatinine (1.5 times) in hibernating bears.
No significant change was recorded for plasma levels of




Fig. 4 Changes related to carbohydrate metabolism in winter bears. Maximum enzymatic activities of pyruvate kinase (PK) and lactate
dehydrogenase (LDH) were measured in vastus lateralis muscle samples from brown bears in summer (white bars) and winter (black bars) at 33 °
C and 37 °C (panel A; N = 7 per season). Gene expression levels of monocarboxylate transporter 1 (MCT1 or SLC16A1), monocarboxylate
transporter 4 (MCT4 or SLC16A3), and aquaporin 7 (AQP7) were measured using RT-qPCR in bear vastus lateralis muscles (panel B and C; N = 8
per season). Data are expressed as means ± sem. Statistical significance is shown for paired student t-tests (** P < 0.01) and post-hoc Tukey tests
that followed type III ANOVA (values that do not share the same superscript letter are significantly different; P < 0.05). Circulating levels of glycerol
were assessed enzymatically in bear plasma using a commercial kit (panel C; N = 25 per season) and presented as individual values (circles, those
in red correspond to plasma samples where glycerol was also measured using NMR-based analysis with values being shown in Table 1) along
with the mean ± sem (in blue) and median (in green) values
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Concerning plasma amino acids (Table 1), although the
1.2-fold increase in glutamine levels measured using
NMR-based analysis was not significant, specific measure-
ments using liquid chromatography-based assay indicated
a significant 1.3-fold increase in glutamine levels during
the hibernation period. On the contrary, the levels of
plasma alanine were significantly decreased (1.4 times) in
hibernating bears.
Bear muscle glycogen content and serum fatty acid
concentrations are changed during hibernation
Strikingly, the skeletal muscle glycogen content observed
on electron micrographs was higher in hibernating than
active bears (Fig. 5A). Assaying muscle glycogen content
confirmed this observation, with a significant ~ 3 times
higher level of glycogen in muscle of hibernating bears
compared to summer active animals (Fig. 5B). Because
muscle glycogen rapidly becomes the most important
substrate source to sustain rapid muscle movement dur-
ing physical exercise [38] and summer bears ran for sev-
eral minutes during helicopter darting, we hypothesized
that this could have caused a lower level of glycogen in
their muscle. However, the similar values we measured
in summer captive animals, which did not run prior to
sampling, invalidated this hypothesis and indicated that
the short run of wild summer bears was not sufficient to
provoke significant muscle glycogen depletion.
Lipidomics analysis of polyunsaturated fatty acids
(PUFA) highlighted significantly reduced levels of eicosa-
pentaenoic acid (20:5n-3; EPA; 3.8 times) and increased
levels of docosapentaenoic acid (22:5 n-3; DPA; 2.6
times) and docosahexaenoic acid (22:6 n-3; DHA; 4.7
times) in the serum of hibernating versus active bears
(Fig. 5C).
Discussion
Hibernation is a physiological fasting state where phys-
ical inactivity, metabolic rate depression, and a decrease
in core body temperature allow for effective fuel and en-
ergy savings sufficient to sustain survival over the winter
months. In such a metabolic context, energy supply ap-
pears to come primarily from lipid substrate oxidation,
whereas glucose oxidation is reduced. However, con-
trasting data exist about the utilization of lipid versus
carbohydrate fuels in the muscle of hibernators (see
above in the Introduction section). Our data show that
expression and activity levels of lipid oxidizing enzymes
were lower in hibernating brown bears, whereas the
expression levels of muscle glycolysis enzymes were
Table 1 Brown bear plasma metabolite profiles
Summer Winter p-value N/season
Plasma metabolite assays using enzymatic methods (kits)
Glucose (mM) 4.10 ± 0.83 5.90 ± 0.41 0.0913 6 –
Free fatty acids (mM) 0.14 ± 0.02 0.38 ± 0.03 0.0003 7 –
Lactate (mM) 8.59 ± 1.31 4.28 ± 0.95 0.0125 7
Glycerol (mM) 0.24 ± 0.04 0.20 ± 0.02 0.3944 25 –
Triacylglycerols (mM) 2.85 ± 0.20 3.60 ± 0.31 0.0124 6 –
Plasma NMR-based analysis mean VIP
Glucose (au) 1.00 ± 0.07 1.21 ± 0.05 0.0598 7 1.73
Unidentified fatty acid (au) 1.00 ± 0.15 1.25 ± 0.15 0.3659 7 2.19
Lactate (au) 1.00 ± 0.09 0.72 ± 0.08 0.0672 7 1.70
Glycerol (au) 1.00 ± 0.04 0.78 ± 0.03 0.0059 7 1.05
3-hydroxybutyrate (au) 1.00 ± 0.06 1.65 ± 0.10 0.0007 7 1.86
Pyruvate (au) 1.00 ± 0.10 1.22 ± 0.10 0.2561 7 1.21
Glycine/sarcosine (au) 1.00 ± 0.06 0.82 ± 0.04 0.0606 7 1.02
Glutamine (au) 1.00 ± 0.06 1.19 ± 0.09 0.1768 7 1.02
Myo-inositol (au) 1.00 ± 0.20 1.40 ± 0.24 0.2155 7 2.47
Betaine (au) 1.00 ± 0.08 1.37 ± 0.13 0.0244 7 1.90
Creatinine (au) 1.00 ± 0.06 1.51 ± 0.15 0.0126 7 1.38
Plasma liquid chromatography-based analysis of amino acids
Alanine (μM) 597.8 ± 55.1 441.1 ± 31.7 0.0234 8 –
Glutamine (μM) 479.4 ± 54.0 631.1 ± 31.3 0.0356 8 –
Data are the means ± SEM of indicated individual determinations in hibernating (winter; February) versus active (summer; June) brown bears (Ursus arctos).
Significant differences between summer and winter (p-values < 0.05), are highlighted in bold
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higher during hibernation (see Fig. 2 and Additional file
1: Table S1 and Additional file 2: Table S2).
ATP production and consumption are tuned down in
hibernating bear skeletal muscle
As an energy-saving adaptive strategy, hibernation is
characterized by low metabolic rates [2]. As a conse-
quence, metabolic fuel consumption and ATP turnover
should be decreased throughout the body of hibernators,
and in their muscles in particular.
The general decrease in protein abundance of sub-
units of the five complexes of the mitochondrial re-
spiratory chain, measured here in muscles of
hibernating brown bears (Figs. 2 and 3), extends tran-
scriptomics data previously reported in hibernating
American black bears (Ursus americanus) [28]. These
regulations could lead to a reduced capacity for ATP
production in skeletal muscles of hibernating bears,
which could be linked to the reduced energy demand
during the hibernation period.
Since the functional coupling between oxidative phos-
phorylation and the mitochondrial creatine kinase sys-
tem has been previously reported [39], it was not
surprising to see the generally reduced expression levels
of CKMT2, as well as of associated proteins like the por-
ins VDAC1 and 2 and ADP/ATP translocases (SLC25A4
and 6). Interestingly, mitochondrial cytochrome c oxi-
dase (COX, complex IV) activity was lower in muscles
of hibernating versus active bears, independent of assay
temperature (Fig. 3). This decreased activity of COX
could be related to the decreased amount of muscle
COX protein during hibernation. These results further
support an overall reduction in muscle ATP synthesis
capacity in hibernating bears.
A decrease in abundance of all proteins of the tricarb-
oxylic acid cycle along with a reduction in citrate syn-
thase (CS) activity levels was also seen in bear skeletal
muscle in the winter, likely reflecting a lower mitochon-
drial content. From samples collected in a given period
(i.e. summer or winter), the assay temperature did not
affect CS nor COX activity levels, which were quantified
as maximal velocity (Vmax). These results are in line with
the fact that the COX to CS activity ratio was not different
between seasons, independent of assay temperature, and
suggest that the intrinsic maximal oxidative capacity of
winter mitochondria does not differ from that of summer
mitochondria. This is consistent with previous results
showing either a modest reduction in the respiration rates
of mitochondria isolated from skeletal muscle of
thirteen-lined ground squirrels during torpor compared
with interbout euthermia [40] or no change in mitochon-
dria from muscles of hibernating versus summer-active
arctic ground squirrels [41]. We observed higher COX/CS
values in bears when assays were performed at 33 °C than
37 °C. At winter body temperature, this could enable skel-
etal muscles to rapidly increase their ATP output
Fig. 5 Muscle glycogen content is increased and serum fatty acid profiles are changed in winter bear muscles. As illustrated on representative
electron micrographs of brown bear vastus lateralis muscle (panel A), intramyofibrillar (green) and especially intermyofibrillar (yellow) glycogen
granules accumulate in skeletal muscle of hibernating bears (lower panel), whereas their presence was largely undetectable in active summer
bears (upper panel) at this magnification level. Glycogen content was measured in bear muscles (panel B; N = 7 per group). Circulating levels of
eicosapentaenoic acid (EPA), docosapentaenoic acid (DPA) and docosahexaenoic acid (DHA) were assessed in bear serum (panel C; N = 4 serum
mixes per season). Data are expressed as means ± sem. Statistical significance is shown for paired student t-tests (* P < 0.05; ** P < 0.02) and post-
hoc Tukey tests that followed one-way ANOVA (values that do not share the same superscript letter are significantly different; P < 0.05)
Chazarin et al. Frontiers in Zoology           (2019) 16:12 Page 9 of 21
whenever muscle work is required, e.g. if the integrity of
the hibernaculum is no longer maintained in the middle
of winter and the bear must find a more safe and suitable
den. Altogether, these results indicate that suppression of
bear muscle mitochondrial respiration during hibernation
likely results in a decreased mitochondrial content and
suppressed electron supply to the respiratory chain.
Ion pumping through the Na+/K+ and Ca2+ ATPases is
a major ATP-consuming process in mammal cells [42].
In muscles of golden-mantled ground squirrels, reduced
levels of Na+/K+ ATPase activity during hibernation
were reported to possibly be due to phosphorylation by
cAMP-dependent protein kinase A (PKA) [43]. We did
not detect subunits of the Na+/K+ ATPase in either
summer-active or in hibernating bear muscles. However,
we observed increased levels of PKA during the winter
that could potentially be involved in repressing activity
of bear muscle Na+/K+ ATPase, and other enzymes that
are sensitive to PKA regulation, during hibernation (Fig.
2). In addition, obscurin (OBSCN) has been shown to
interact with Na+/K+ ATPase [44], and, although its abil-
ity to phosphorylate Na+/K+ ATPase has not be demon-
strated in vitro, its increased levels in muscle of
hibernating bears make it a possible candidate for modu-
lating ion pump activity. Sarcoplasmic/endoplasmic
reticulum Ca2+ ATPase (SERCA) has also been shown to
be repressed, both in activity and protein levels in skel-
etal muscle of the long-tailed ground squirrel (Urocitel-
lus undulatus) during winter [45]. We found that the
abundance of the three SERCA isoforms did not change
in the muscle of hibernating bears, but we cannot ex-
clude the possibility that SERCA activity could be modu-
lated during hibernation such as by endogenous protein
effectors like sarcolipin, by post-translational modifica-
tions, or in relation with the lipid composition of the
sarcoplasmic reticulum membrane [46, 47].
Reactions of membrane ion pumping systems that
imply ATP consumption are generally connected to
those catalysed by enzymes producing ATP, e.g. creatine
kinase [39]. We observed that cytosolic creatine kinase
(CKM) was only slightly more abundant in skeletal
muscle of hibernating bears and that mitochondrial
CKMT2 levels were reduced. Whether this could modu-
late creatine/phosphocreatine metabolism remains to be
determined. Connected to the metabolism of creatine is
that of creatinine [48], and increased plasma creatinine
reflects its diminished renal clearance in hibernating
brown bears.
Protein synthesis is also an important process that
consumes ATP [42]. We know that protein synthesis
rates are dramatically decreased in muscles of hiberna-
ting bears [14], thus favouring energy sparing. Because
betaine has positive effects on lean muscle mass [49], its
increased levels in the plasma of hibernating bears may
possibly contribute to reducing muscle protein loss (i.e.
minimizing atrophy).
Altogether, our data suggest that ATP production and
consumption are turned down in skeletal muscle of hi-
bernating bears, which would help to reduce metabolic
rate, while maintaining metabolic balance. To go further,
future studies should assess and compare skeletal muscle
mitochondrial respiration in hibernating versus summer
active bears and examine muscle fiber and mitochondrial
responses to various energy substrates in more detail.
Lipid oxidation is reduced, but preferred, in hibernating
bear skeletal muscle
It is commonly recognized that lipids are the main en-
ergy fuel during hibernation. In this situation, triacyl-
glycerols from fat stores are hydrolysed and fatty acids
are released into the blood flow. Accordingly, we found
that the amounts of total free fatty acids and those of
3-hydroxybutyrate were both elevated in the plasma of
hibernating bears, a result consistent with previous stud-
ies [50]. This increased availability of circulating lipid
fuels offers fat-burning tissues, like skeletal muscle, the
possibility to enhance lipid uptake and oxidation,
thereby sparing the much more limited reserves of
glycogen and glucose.
The transport of circulating fatty acids into muscle
cells is facilitated by fatty acid translocase (CD36). Our
findings, that the levels of muscle CD36 mRNA and pro-
tein remained stable in the bears between summer and
winter (Figs. 2 and 3), would suggest that fatty acid entry
into muscle cells is not affected by hibernation, although
we cannot be conclusive on that point. Once in the cells,
fatty acids traffic towards the mitochondria via transport
by fatty acid binding proteins (FABP), especially FABP3 in
muscle. In the muscle of ground squirrels, upregulation of
FABP3 has been reported at both transcript [24, 25] and
protein [23] levels during hibernation. Here we identified
bear FABP3 in two different protein spots on 2D-DIGE
gels, which exhibited a different regulation. This suggests
a post-translational regulation of bear FABP3 during
hibernation; however we were not able to determine the
nature of the post-translational modification at play. To
our knowledge, it is not known whether post-translational
modifications of FABP3 alter its functions. In particular,
we do not know whether such regulation could be linked
to its role in fatty acid trafficking and/or possible role in
stimulating glucose uptake [51] (see below).
Increased expression of several beta-oxidation
enzymes has been reported in the skeletal muscle tissue
of hibernating ground squirrels at both the mRNA [25]
and protein [22, 23] levels. In black bears, muscle data
were available only for the mRNA level and showed ei-
ther no change [21] or an increase [27] in expression of
fatty acid catabolism-related genes during hibernation.
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Opposite to these results, we found that abundance of
all proteins of the beta-oxidation pathway was
decreased in the muscle of brown bears during the hi-
bernation period, except SLC25A20, which remained un-
changed (Figs. 2 and 3). The decreased activity of
hydroxyacyl-CoA dehydrogenase (HADH) that we re-
corded in muscles of hibernating bears further supports
a slowing of the beta-oxidation pathway. Such a globally
coordinated downregulation of fatty acid catabolizing
capacity accords well with lowered TCA and respiratory
chain rates proposed above for hibernating bear muscle.
The discrepancy with changes in mRNA levels in black
bear muscles may reflect a drop in translational regula-
tion, rather than an increase in transcription rates, in
line with globally lower protein synthesis rates in hiber-
nating bear muscles [14]. By contrast, the upregulated
expression of beta-oxidation factors in the muscle of
hibernating ground squirrels [22, 23] could be a mech-
anism that helps to sustain a certain level of activity des-
pite very low body temperatures (often near 0 °C) while
in hibernation.
Although we argue above for a diminished capacity for
oxidation of fatty acids, we do not question the bear’s
reliance on lipids as the main fuel source for muscle
ATP generation during hibernation. Indeed, as is the
case for hibernating thirteen-lined ground squirrels [34], a
disruption of carbohydrate use for fuelling the TCA cycle
also appears to occur in hibernating bears, as corroborated
by the upregulation of pyruvate dehydrogenase kinase iso-
enzyme 4 (PDK4) and concomitant downregulation of
pyruvate dehydrogenase (PDHA1 and B).
Glycolysis appears to be maintained in hibernating bear
skeletal muscle
During hibernation in animals such as ground squirrels,
contrasting data have been reported concerning muscle
oxidation of glycolytic intermediates. A number of stud-
ies have reported data supporting a decrease in glycolysis
rate with downregulation of several glycolytic enzymes,
at the mRNA [25, 26, 28], protein [22, 23] or activity
[29] levels. Others studies have reported, on the con-
trary, that the post-translational regulation of PDH and
PGM1 would favour glycolysis maintenance during hi-
bernation in thirteen-lined ground squirrels [23, 37]. In
previous studies of hibernating bears, only results at the
mRNA level were available, which showed reduced
expression of several glycolytic genes [27, 28]. Our re-
sults (Figs. 2 and 4) show a global increase in the abun-
dance of all glycolytic enzymes in the skeletal muscle of
hibernating brown bears, except for GLUT4 and hexoki-
nase (that were not detected) and ATP-dependent
6-phosphofructokinase (PFKM; unchanged). Such
adjustments would be in line with a possible increase in
the capacity of hibernating bear muscle for glycolysis, or
at least its maintenance, if we also consider the
unmodified activity of pyruvate kinase (PKM) that we
observed between seasons. Taking into account the
above-mentioned block in the mitochondrial conversion
of pyruvate to acetyl-CoA, it could be hypothesized that
glycolysis is oriented more toward lactate production in
hibernating brown bear skeletal muscles. Interestingly,
previous data have shown that anaerobic glycolysis is in-
creased in cardiac muscle of ground squirrels during hi-
bernation [52]. Absolute values for LDH activity are
lower when the assay is performed at 33 °C versus 37 °C.
However, the activity of LDH measured at 37 °C in sum-
mer muscles was not significantly different from that of
winter muscles measured at 33 °C. This may reflect a
certain maintenance of LDH activity, which could help
maintain the capacity for anaerobic glycolysis during hi-
bernation. In skeletal muscles, lactate transport across
the plasma membrane is essentially done via monocar-
boxylate transporters 1 and 4 (SLC16A1 and SLC16A3).
Decreased gene expression of SLC16A3 may be another
clue that anaerobic glycolysis is regulated in hibernating
bear muscles. Comparing lactate levels in skeletal mus-
cles of winter and summer bears in future studies will
help to better understand the glycolytic flux during
hibernation.
Hence, our results suggest that glycolytic capacity is
retained in muscle, which could allow a rapid muscle re-
sponse if the bear is disturbed and arouses.
What are the possible sources of glucose during
hibernation in bears?
If glycolytic capacity is retained in skeletal muscle of
hibernating bears, an adequate availability of glycolytic
substrates should be ensured during hibernation.
Accordingly, plasma glucose levels tended to be in-
creased during hibernation in our study and statistical
significance has even been reached in previous studies
[50]. During hibernation, glucose can be derived from
mobilization of glycogen stores and from gluconeogene-
sis that occurs mainly in the liver. The main substrates
for liver gluconeogenesis are glycerol, lactate, and
alanine. Although glycerol is released by white adipose
cells due to lipolysis and although muscle lactate forma-
tion is hypothesized to increase (see above), we found
that plasma levels of glycerol remained unchanged dur-
ing hibernation (Table 1 and Fig. 4) and, as previously
reported [53], circulating lactate levels were lower in hi-
bernating brown bears (Table 1). These results, together
with the upregulation of liver gluconeogenesis-related
genes seen previously in hibernating bears [54], strongly
suggest that the uptake of glycerol and lactate by liver
cells for fuelling the gluconeogenic pathway is sufficient
to not only mask any increased release by peripheral
tissues, but also to even be responsible for decreased
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circulating lactate levels. Alternatively, it could be that
lactate levels were higher in summer-active bears, with
the possible superimposed effect of the short run when
the helicopter approached, as suggested in a previous
study [53]. Concerning alanine, its decreased plasma
levels in hibernating bears (Fig. 2) could be a combin-
ation of its uptake by the liver and a lower formation
rate, due to decreased protein turnover [14]. In this
regard, we also observed that alanine aminotransfer-
ase 1 (ALAT1) levels were reduced in bear muscles
during winter, suggesting that alanine formation is af-
fected during hibernation. Finally, liver gluconeogene-
sis could also be fuelled by amino acids produced
from a certain degree of protein degradation, al-
though atrophy remains limited. Gluconeogenesis can
also be achieved by the kidneys, especially from lac-
tate and glutamine as the main substrates [55]. In-
creased glutamine plasma levels in hibernating bears
could, at least in part, be due to its lesser utilization
by the kidney. This would agree with a reduction of
kidney activity during hibernation [56]. This might
also be related to bear urea nitrogen recycling during
hibernation [57] since glutamine is the major amino
acid in the blood that provides inter-organ transport
of nitrogen (and ammonia).
The regulation of muscle enzymes of glycogen me-
tabolism that we observed here suggests that muscle
glycogen stores are dynamically regulated in hiberna-
ting animals. We actually found higher glycogen
levels in the muscles of brown bears during hiberna-
tion than in summer (Fig. 5), similar to a recent re-
port on American black bears [58], whereas only a
non-significant trend toward such a seasonal change
was observed in hibernating ground squirrels [59].
Although we cannot determine exactly when glyco-
gen deposits are made into muscle, this could pro-
vide an easy source of glucose for muscle glycolysis
during hibernation.
Beneficial effects on health are generally triggered
by n-3 polyunsaturated fatty acids (n-3 PUFAs) and
we suggest they could be extended to the hibernation
state. Indeed, docosahexaenoic acid (DHA) has been
reported to elevate glycogen stores [60] and enhance
the expression of glucose uptake-related genes [61] in
laboratory mouse muscles. DHA also appears to pre-
vent fasting-induced muscle atrophy [60] and fight
against sarcopenia [62], induce muscle protein synthe-
sis [63] and prevent palmitate-induced proteolysis
[64]. In an earlier study, we found no difference in
levels of eicosapentaenoic acid (EPA) in skeletal
muscle tissue of hibernating bears, but its plasma
levels were decreased [65]. We extend these results
here by showing the rise in circulating concentrations
of docosapentaenoic acid (DPA) and DHA in
hibernating compared to active brown bears (Fig. 5).
Hence, the rise in DHA levels could mediate, at least
in part, several of the bear muscle responses to hiber-
nation that we have reported and discussed in this
study.
Conclusions
The objective of this study was to examine how energy
and fuel metabolism are regulated in the skeletal muscle
of hibernating brown bears. Through quantification of
proteins involved in energy and fuel metabolism and
using assays of enzyme activities, we found that bear
muscle metabolism is dominated by reduced ATP turn-
over, with lipids being the preferred fuels, but their rate
of oxidation being reduced during hibernation due to
and/or contributing to metabolic rate depression. Con-
comitantly, glycolysis appears to be maintained and it
could be fuelled from liver gluconeogenesis and the
mobilization of large muscle glycogen stores, although
we cannot conclude definitely on that point. Such meta-
bolic regulations no doubt favour energy savings while
maintaining hibernating bear muscle proteins, which
may enable bears to react quickly in the case of un-
expected disruption or early arousal from hibernation.
A potential role of n-3 PUFAs could be hypothesized.
To go further in understanding muscle metabolism
during bear hibernation, mitochondria are the next
target to explore using, e.g., high-resolution respirom-




Samples were collected from 37 free-ranging brown
bears (Ursus arctos; 26 females and 11 males) from
Dalarna and Gävleborg counties, Sweden, from 2011 to
2018. The animals were two (23 bears) or three (14
bears) years old. In a given year, the bears were captured
during hibernation (February) and recaptured during
their active period (June). The mean body mass of hiber-
nating (45.9 ± 2.7 kg) versus summer active (42.9 ± 2.2
kg) bears was not significantly different (paired t-test, p
= 0.06). Bear immobilization was performed as previ-
ously described [53, 66]. Blood samples were collected
from the jugular vein within 20min after darting, either
in tubes containing a clotting activator (Vacuette® Z
serum Sep Clot Activator, Greiner Bio-One GmbH,
Kremsmünster, Austria) or in tubes with spray-coated
K2EDTA (BD Vacutainer®, FisherScientific, Illkirch,
France). Tubes were centrifuged (3000 g, 20 min) within
1 h after sampling and the serum or plasma was immedi-
ately frozen on dry ice until storage at − 80 °C. Biopsies
of the vastus lateralis muscle were collected at the same
time and immediately frozen on dry ice until storage at
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− 80 °C. The study was approved by the Swedish Ethical
Committee on Animal Experiment (applications #C212/
9, #C47/9, #C7/12, #C268/12, and #C18/15), the Swed-
ish Environmental Protection Agency (NV-0758-14), and
the Swedish Board of Agriculture (31-11,102/12). All
procedures complied with Swedish laws and regulations.
Additionally, we obtained samples of skeletal muscle tis-
sue (vastus lateralis) from two euthanized captive brown
bears stored and provided by the Norwegian Veterinary
Institute, and from 5 brown bears euthanized at Orsa
Predator Park, Sweden (permit N° Dnr5.8.18-06068/2017).
Upon euthanization, these seven bears were active, i.e. not
hibernating, and are referred to as ‘summer captive’ ani-
mals in this study.
Sample pre-processing for proteomics-based analyses
Frozen muscle bear biopsies (N = 7 per season) were pul-
verized using a laboratory ball mill (Mikrodismembrator,
Sartorius). The resulting powders were used for running
complementary proteomics approaches.
Mass spectrometry-based quantitative analysis of bear
muscle proteome
Ground muscle powders were suspended in a buffer
composed of 8M urea, 2M thiourea, 4% Chaps, 1%
dithiothreitol, 0.05% TLCK and 0.02 to 2mM protease
inhibitors. These were then sonicated (10 s, 135 watts)
on ice, followed by addition of nine volumes of cold
acetone; samples were then kept at − 20 °C overnight.
Precipitated proteins were pelleted by centrifugation (10
min, 4 °C, 14000 g), and after discarding supernatants,
the pellets were vacuum-dried (Speedvac, ThermoFisher
Scientific; Rockford, IL, USA) and then dissolved in a
buffer composed of 8M urea, 2M thiourea, 4% Chaps,
0.05% TLCK and 0.02-2 mM protease inhibitors in 30
mM Tris (pH 8.8). Protein concentration in protein
extracts was measured using the Bradford protocol
(Bio-Rad, Hercules, CA, USA). At this stage, one sample
pool, comprising equal amounts of all muscle protein
extracts, was generated for quality assessment of
LC-MS/MS.
Aliquots of 10 μg of bear proteins (individual samples
and sample pool) were precipitated with acetone (9 vol-
umes) during 2 h at − 20 °C. After centrifugation (10
min, 15,000 g), protein pellets were solubilized in sample
buffer (50 mM Tris pH 6.8, 1 mM EDTA, 5%
β-mercaptoethanol, 2.5% SDS, 10% glycerol and 0.1%
Bromophenol blue), and incubated at 95 °C for 5 min.
Electrophoresis was performed using polyacrylamide
gels. Sample preparation was performed in duplicate for
each bear muscle extract. After colloidal Coomassie blue
staining (G250, Fluka, Buchs, Switzerland), five protein
bands (2 mm each) were excised from the gels. Proteins
were in-gel reduced and alkylated using an automatic
pipetting device (MassPrep, Waters) and digested over-
night with trypsin (Promega, Madison, WI, USA) at an
enzyme-to-protein-ratio of 1:100. Peptides were
extracted in 60% acetonitrile/0.1% formic acid in water
for 1 h, at 450 rpm on an orbital shaker. Organic solvent
was finally removed in a Speedvac and samples were ad-
justed to 30 μl with 1% acetonitrile containing 0.1% for-
mic acid.
Tryptic peptides (3 μL aliquots) were analysed on a
UPLC-system (nanoAcquity, Waters, Milford, MA,
USA) coupled to a quadrupole-TOF hybrid mass spec-
trometer (maXis 4G; Bruker Daltonik GmbH, Bremen,
Germany). Injection of individual samples was per-
formed in duplicate. The instrument was controlled by
Bruker compass Hystar (v3.2) and OtofControl (Rev3.2).
The solvent system consisted of 0.1% formic acid in
water (solvent A) and 0.1% formic acid in acetonitrile
(solvent B). Each sample was first concentrated/desalted
on a trap column (Symmetry C18, 180 μm× 20mm,
5 μm; Waters) at 1% B at a flow rate of 5 μl/min for 3
min. Afterwards, peptides were eluted from the separ-
ation column (BEH130 C18, 75 μm× 250mm, 1.7 μm;
Waters) maintained at 60 °C using a 60min gradient
from 8 to 35% B at a flow rate of 450 nl/min. The mass
spectrometer was operated in positive mode, with auto-
matic switching between MS and MS/MS scans. The
source temperature was set to 160 °C with a spray volt-
age of − 4.5 kV and dry gas flow rate of 5 l/min. External
mass calibration of the Tof (MaXis 4G) was achieved be-
fore each set of analyses using Tuning Mix (Agilent
Technologies, Paolo Alto, USA) in the mass range of
322-2722m/z, and mass correction was achieved by re-
calibration of acquired spectra to the applied lock mass
using hexakis (2,2,3,3,-tetrafluoropropoxy)phosphazine
([M +H]+ 922.0098m/z). The MS acquisition time was
set to 0.4 s, and MS/MS acquisition time to a range from
0.05 s (intensity > 250,000) to 1.25 s (intensity < 5000),
and ions were excluded after acquisition of one MS/MS
spectrum with release of exclusion after 0.2 min. Up to
10 most intense multiply charged precursors per MS
scan were isolated, using an isolation window adapted to
the isolated m/z (2-5 m/z), then fragmented using energy
collisional dissociation. The sample pool (quality con-
trol) was repeatedly analyzed throughout the whole dur-
ation of these experiments to enable verification of the
stability of the nanoLC-MS/MS system and reproducibil-
ity of the quantitative measurements.
MS raw data were processed using MaxQuant
(v1.5.3.30) [67]. Peak lists were searched using the decoy
mode (revert) of the Andromeda search engine imple-
mented in MaxQuant against a protein database created
using the MSDA software suite [68]. The database con-
tained bear protein sequences (UniprotKb; Taxonomy
ID: 9632; downloaded in September 2017) to which
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sequences of common contaminants (e.g. trypsin and
keratins) were automatically added via MSDA and Max-
Quant. Regarding search parameters, MS tolerance was
set to 0.07 Da for the first search and 0.006 Da for the
main search. MS/MS tolerance was set to 40 ppm. A
maximum number of two missed cleavages was ac-
cepted, and carbamidomethylation of cysteine residues
was set as fixed modification, while acetylation of pro-
tein N-termini and oxidation of methionine residues
were set as variable modifications. False discovery rates
(FDR) were set to 1% for both peptide spectrum matches
(minimum length of 7 amino acids) and proteins. The
final list of identified proteins did not consider common
contaminants, which were removed. Regarding quantifi-
cation, data normalization and estimation of protein
abundance was performed using the MaxLFQ (label free
quantification) option implemented in MaxQuant [67].
MaxLFQ quantification was applied using a minimal ra-
tio count of two. Both unmodified and modified (acetyl-
ation of protein N-termini and oxidation of methionine
residues) peptides were considered for quantification.
All other MaxQuant parameters were set as default.
After having checked the reproducibility of technical
replicates, their median value was calculated for each in-
dividual sample. Then, only proteins with at least five of
seven values per season (i.e. accepting a maximum of 2
missing values) were retained for further analysis, as well
as “present/absent” cases (i.e. 0 values in the samples
from one of the two seasons). A total of 725 bear muscle
proteins were identified robustly, of which 538 fulfilled
the above-mentioned criteria (Additional file 1: Table
S1). To retain only the proteins with a highly reprodu-
cible quantification, we compared replicate injections
and then replicate preparations of individual samples
and 383 proteins were found to comply with such
stringency.
Regarding quality controls, we considered only pep-
tides detected in at least eight of the ten repeated injec-
tions of the sample mixes. The mean coefficient of
variation (CV) of retention times of the peptides of
glyceraldehyde-3-phosphate dehydrogenase, chosen as a
common housekeeping protein, was 3.3%. In addition,
the median coefficient of variation for LFQ values from
all proteins across repeated injections of sample mixes
was 25%. These different values indicate good stability of
the nanoLC-MS/MS system over the whole duration of
the analyses, and also good reproducibility of protein
abundance determination.
Gel-based quantitative analysis of bear muscle proteome
Ground muscle powders were dissolved in a denaturing
solution (urea 7M, thiourea 2M, Chaps 4%, DTT 1%,
protease inhibitors 0.02 to 2 mM, TLCK 0.0005%) and
protein extraction was performed by incubation one
hour at room temperature followed by sonication on ice
(10 s., 135W). Proteins were then acetone-precipitated
overnight at − 20 °C using nine volumes of cold acetone
and pelleted by centrifugation (15 min, 14,000 g, 4 °C).
After vacuum-drying using a Speedvac ThermoFisher
Scientific; Rockford, IL, USA), proteins were dissolved in
a solution composed of 7M urea, 2M thiourea, 30 mM
Tris (pH 8.5) and 4% Chaps. The pH was then adjusted
to 8.5, and homogenization was completed by sonication
on ice (10 s, 135 watts). After removing cell debris by
centrifugation and collection of the supernatant, soluble
protein concentrations were determined using the Brad-
ford protocol (Bio-Rad). For each sample, protein pro-
files were checked on 12% SDS-PAGE acrylamide gels
(10 μg loaded; 50 V for 60 min and then 100 V to
complete migration) using Coomassie brilliant blue
(Sigma Aldrich; St. Louis, MO, USA) staining. The simi-
larity of protein profiles between all samples was then
verified prior to quantitative DIGE analysis.
Protein samples were labelled using a CyDye DIGE
Fluor Minimal Dye Labeling Kit (GE HealthCare,
Uppsala, Sweden). CyDyes were first reconstituted in
anhydrous N,N-dimethylformamide, then 400 pmol of
Cy3 and Cy5 were used to randomly label 50 μg of
protein samples from the different groups, and Cy2
(1.2 nmol/150 μg proteins) was used to label a mixture
of all the samples (25 μg each) that was used as an
internal standard. After incubation in the dark for 30
min on ice, protein labelling was quenched by
addition of 10 mM of lysine stop solution and incuba-
tion in the dark for 10 min on ice.
Prior to 2D gel electrophoresis, the multiplexing of
samples from hibernating and active bears was random-
ized to avoid any bias. Briefly, 50 μg of Cy2, Cy3 and
Cy5-labelled protein samples were mixed and diluted
with 7M urea, 2M thiourea, 2% Chaps, 2% DTT, 2%
ampholytes (GE Healthcare), protease inhibitors and a
trace of bromophenol blue. Proteins were then loaded
onto 24 cm pH 3-10 non-linear immobilized pH gradient
strips (IPG Ready strip, Biorad, Hercules, CA, USA), and
left in the dark for passive rehydration over 1 h. Active
rehydration was then performed in the dark over 15 h at
50 V using a Protean IEF cell (Biorad). Isoelectric focus-
ing was performed using voltage gradient steps (from 0
to 200 V over 1 h, from 200 to 1000 V over 4 h, from
1000 to 5000 V over 16 h, then 5000 V for 7 h; total of
90000Vh). Focused proteins were then reduced by incu-
bation (15 min) of IPG strips in a solution composed of
1% DTT, 6M urea, 50 mM Tris pH 8.8, 30% glycerol
and 2% SDS. Proteins were alkylated by incubation (15
min) in a solution composed of 2.5% iodoacetamide, 6M
urea, 50 mM Tris pH 8.8, 30% glycerol and 2% SDS.
Electrophoresis was carried out using 12.5% polyacryl-
amide gels (2DGel DALT NF; Serva Electrophoresis
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GmbH, Heidelberg, Germany) and a HPE FlatTop
Tower (Gel Company, CA, USA). Electrophoresis began
with application of 7 mA per gel for 30 min followed by
13mA per gel for 30 min, then 20mA per gel for 10
min, 40 mA per gel for 4 h and, finally, 45 mA per gel
for 40 min.
Following 2D gel electrophoresis, gels were washed
with water and gel images were acquired using an Ettan
DIGE Imager (GE HealthCare) at 100 μm resolution. Gel
images were analysed using the Progenesis Samespots
software (v4.5; Nonlinear Dynamics, Newcastle upon
Tyne, UK). After automatic alignment, the quality of
spot matching was checked and, when necessary, im-
proved by application of minor manual corrections.
After background subtraction and normalization of Cy3
and Cy5 spot volumes to that of corresponding Cy2
spots, the spots highlighted as differential by statistical
analysis were excised. Three to four matched spots were
put together, and proteins were in-gel reduced and alky-
lated using a Massprep Station (Waters, MicroMass,
Manchester, UK) as previously reported [69]. For in-gel
digestion of proteins, 25 μL of a 12.5 ng/L trypsin (Pro-
mega) solution in 25 mM NH4HCO3 were added to gel
pieces before incubation for 12 h at 37 °C. The resulting
peptides were extracted using 30 μL of a 60% acetonitrile
(Carlo Erba, Val de Reuil, France) solution containing
formic acid (0.1%). Acetonitrile was removed by vacuum
drying using a Speedvac.
Tryptic peptides were analyzed on a UPLC-system
(nanoAcquity, Waters) coupled to a quadrupole-TOF
hybrid mass spectrometer (maXis 4G; Bruker Daltonik
GmbH, Bremen, Germany), exactly as reported above
for label-free (XIC) MS-based analyses, except from the
elution gradient (t = 0 min 1% B, t = 9min 35% B, t = 10
min, 90% B) and the fact that isolation and fragmenta-
tion was performed here for the 6 most intense multiply
charged ions, with exclusion being set to 1 min.
MS/MS data were analysed using the Mascot™ search
engine (v2.5.1, Matrix Science, London, UK) installed on
a local server. Spectra were searched against a
target-decoy version of the same bear protein database
that was used for label-free (XIC) MS1-based analyses
(see above), to which sequences of common contami-
nants (e.g. trypsin and keratins) were automatically
added using the MSDA software suite [68]. Mascot
search parameters included a mass tolerance of 10 ppm
in MS and 0.05 Da for MS/MS modes, a maximum of
one trypsin missed cleavage allowed, carbamidomethyla-
tion of cysteine residues set as fixed modification, and
oxidation of methionine residues and acetylation of pro-
tein N-termini set as variable modifications. Stringent
filtering criteria were applied using Proline software
(v2.5.1; http://proline.profiproteomics.fr/) to obtain
high-confidence identifications (FDR < 1% at both
protein set and PSM level; and a minimal PSM score of
25). Single-peptide-based protein identifications, as well
as the identification of common contaminants such as
keratin and trypsin, were not considered.
Among the different proteins that were identified in a
given spot, only the major (more abundant) ones were
considered to be responsible for variations of spot inten-
sities. The determination of major proteins was per-
formed following a “peptide counting” strategy: the
higher the number of peptides assigned to a given pro-
tein, the more abundant this protein is. We took into ac-
count the fact that tryptic sites are followed or not by a
proline residue, the possible missed cleavages and the
adequate size of peptides for detection by mass spec-
trometry (i.e., based on our data, peptides of 7 to 32
amino acids. The theoretical number of detectable
tryptic peptides was similar for major and minor pro-
teins in a given gel spot, as their ratio was of 1.0 ± 0.1.
However, major proteins were identified with an experi-
mental number of peptides 4.1 ± 1.6 times higher than
minor ones.
Quantitative RT-PCR analyses in bear muscle
Total RNA was isolated from bear muscle (N = 8 per
season) using TRIzol reagent (Invitrogen, Courtaboeuf,
France) according to manufacturer’s instructions.
First-strand cDNAs were synthesized from 1 μg of total
RNA using PrimeScript RT kit (Ozyme, Saint Quentin
en Yveline, France) with a mixture of random hexamers
and oligo(dT) primers and treated with 60 units of RNa-
seH (Ozyme). Real-time PCR assays were performed
with Rotor-Gene 6000 (Qiagen, Courtaboeuf, France).
Different primers were used for fatty acid translocase
(CD36; forward: 5′-CAGACAGTTTTGGATCTTTG-3′;
reverse: 5′-CTGGGTTACATTTTCCTTGG-3′), aqua-
porin 7 (AQP-7; forward: 5′-AGATGGTGCGAGAG
TTCCTG-3′; reverse: 5′-TGACTCCGAAGCCAAAACC
C-3′), monocarboxylate transporter 1 (MCT1 or
SLC16A1; forward: 5′-GTTGGTGGCTGCTTGTCAG
G-3′; reverse: 5′-TTCAAGTTGAAGGCAAGCCC-3′)
and monocarboxylate transporter 4 (MCT4 or SLC16A3;
forward: 5′-AGCTCATGCGTGAGTTTGGG-3′; re-
verse: 5′-CCAAAGCGGTTCACGCACAC-3′). The re-
sults were normalized to mRNA levels of TATA box
binding protein (TBP; forward: 5′- AGACCATTG
CACTTCGTGCC-3′; reverse: 5′-CCTGTGCACACCAT
TTTCCC-3′) used as a reference gene in each sample.
Western-blot analyses in bear muscle
Proteins were extracted from bear muscle (N = 12 per sea-
son) using ice-cold lysis buffer (Tris-HCl 20mM, NaCl
138mM, KCl 2.7 mM, MgCl2 1mM, glycerol 5%, NP 40
1%, EDTA 5mM, Na3VO4 1mM, NaF 20mM and DTT
1mM) supplemented with protease inhibitor cocktail
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(Sigma Aldrich, St Louis, MO, USA). Homogenization
was performed using a Precellys homogenizer (Bertin In-
struments, Montigny-le-Bretonneux, France) with three
shaking cycles of 30 s at 6800 rpm followed by 5min at 4 °
C. After centrifugation (15min, 12,000 g), protein concen-
tration in the supernatant was determined by Bradford
quantification.
Western blotting was performed as previously de-
scribed [70]. After loading 20 μg of total protein into
each well of SDS-PAGE gels, electrophoresis and elec-
troblotting to PVDF membrane were carried out. Mem-
branes were blocked with 4% BSA (Bovine Serum
Albumin, Euromedex, Souffelweyersheim, France) and
then probed with primary antibodies purchased from
Abcam (rabbit anti-CD36: #ab133625; mouse cocktail
anti-OXPHOS [oxidative phosphorylation]: #ab110413;
both used at 1/1000), and Santa Cruz Biotechnology
(rabbit anti-HADH: #sc292196; goat anti-citrate syn-
thase: #sc242444; both used at 1/1000). Corresponding
secondary HRP antibodies from BioRad (goat anti-rabbit
IgG (H + L)-HRP conjugate: #1721019; goat anti-mouse
IgG (H + L)-HRP conjugate: #1721011; rabbit anti-goat
IgG (H + L)-HRP conjugate: #1721034; all used at 1/
10000) were used for chemiluminescence visualization
(Chemidoc; Bio-Rad, Hercules, CA, USA).
Glycogen content and enzyme activity measurements in
bear muscle
Glycogen content, pyruvate kinase (PK), and lactacte de-
hydrogenase (LDH) activities were quantified in bear
muscle (N = 7 per season) using commercial kits
(#MAK016, #MAK072 and #MAK066, respectively)
from Sigma Aldrich. Assays were performed according
to manufacturer’s instructions, using 20, 3 and 0.3 μg of
total protein, respectively.
Citrate synthase (CS) and cytochrome c oxidase
(COX) activities were measured as described previously
[71], using 10 μg of total protein. β-Hydroxyacyl-CoA
dehydrogenase (HAD) activity was measured in the
same homogenates using 10 μg of protein. The reaction
was performed in 1 ml of reaction buffer containing
HEPES 20mM, EGTA 1mM, KCN 1mM, and NADH
0.15 mM, pH = 7.4 at 25 °C. Assays were started by the
addition of 0.1 mM acetoacetyl-CoA and the oxidation
of NADH was measured at 340 nm.
Metabolite assays and amino acid measurements in bear
plasma
Levels of metabolites and amino acids were assessed in
bear plasma (N = 6-8 per season, except from glycerol
assays performed in N = 25 per season). Plasma free fatty
acids and lactate were determined enzymatically using
kits from Randox Laboratories Ltd. (Crumlin, UK), and
glycerol, glucose, and triacylglycerol levels were assessed
using kits from Cayman Chemical (Ann Arbor, MI,
USA), Sigma Diagnostics (St. Louis, MO, USA) and Bio-
labo SAS (Maizy, France), respectively.
After deproteinization of 250 μL of plasma with sulfo-
salicylic acid (Sigma Diagnostics), circulating amino acid
concentrations were determined by ion-exchange chro-
matography followed by a postcolumn derivatization
with ninhydrin (Hitachi L8900, ScienceTec,
Villebon-sur-Yvette, France).
NMR-based analysis of bear plasma metabolome
For 1H NMR profiling, 100 μL of each plasma sample
(N = 7 per season) was first evaporated using a vacuum
concentrator (SpeedVac, ThermoFisher Scientific) and
further dissolved in 100 μL of D2O (99.96% minimum;
Eurisotop) and 100 μL of 300mM phosphate buffer
(KH2PO4 and K2HPO4; pH 7.06; Fluka). The final analyt-
ical sample (200 μL) contained 10% phosphate buffer
(30 mM) and TSP–d4 (3-(trimethylsilyl)
propionic-2,2,3,3- tetra-d4 acid sodium salt 0.5 mM, 98%
deuterated; Sigma-Aldrich) in D2O was filled in Shigemi
5 mm symmetrical NMR microtube assembly
(Sigma-Aldrich).
For 2D NMR identification, all the previous samples
were pooled, then evaporated and further dissolved in
600 μL D2O before filling a 5 mm NMR tube (Norell,
Eurisotop). D2O was used for shimming and locking,
whereas TSP-d4 constituted a reference for chemical
shifts (0 ppm) for 1H NMR.
One-dimensional 1H NMR experiments (i.e. profiles)
were conducted on a Bruker Avance 500MHz equipped
with a 5-mm inverse-triple tuned (TXI) 1H/13C/15N with
z-gradient coil probe (Bruker Biospin Wissenbourg,
France). For each profile, two standard monodimensional
sequences were acquired. The nuclear overhauser effect
spectroscopy sequence (noesygppr1d with water presatura-
tion and gradients) and the Carr-Purecell-Meiboom-Gill
sequence (cpmgpr1d with water presaturation) were used
with low power irradiation of the water resonance during
the recycle delay of 4 s and the mixing time of 10ms. For
the cpmgpr1d sequence the echo time was fixed to 70ms.
For all the spectra, 512 scans were collected with a 90°
impulsion time of 9.75 μs, an acquisition time of 3.3 s, a
spectral window of 10,000Hz and 64 K data points
zero-filled to 128 K before Fourier transformation with 0.3
Hz line broadening. Spectra were treated with Topspin ver-
sion 3.1. All NMR spectra were recorded at 300 K. For the
identification of metabolites in the pooled sample, we used
the NMR spectrometer at the TGIR NMR Facility
(TGIR-RMN-THC Fr3050 CNRS- Gif/Yvette, France), a
Bruker Avance III 950MHz equipped with a 5mm TCI
(1H/13C/15N/2H) cryoprobe with z-gradient coil probe
(Bruker Biospin). For 1D 1H-Spectra, a standard one
dimensional spectroscopy sequence (noesygppr1d) was
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used with low power irradiation of the water resonance
during the recycle delay of 4 s and a mixing time of 10ms.
For each spectrum, eight scans were collected with a 90°
impulsion time of 7.7 μs, an acquisition time of 3.3 s, a
spectral window of 10,000Hz and 64 K data points
zero-filled to 128 K before Fourier transformation with 0,3
Hz line broadening. All 2D homonuclear (1H-1H COSY,
1H-1H TOCSY, 1H-1H JRES) and heteronuclear (1H-13C
HSQC and HMBC) experiments were performed with
quadrature phase detection in dimensions, using state-TPPI
or QF detection mode in the indirect one. For each 512 in-
crements in the indirect dimension, 2 K data points were
collected and 32 or 64 transients were accumulated in the
direct dimension. A 13C decoupling (GARP) was performed
during acquisition time for heteronuclear experiments. A
π/2 shifted square sine-bell function was applied in the
both dimensions before Fourier transformation. Spectra
were treated with Topspin version 3.5pl5. All NMR spectra
were recorded at 300 K.
We divided 1D 1H-NMR spectra into 10,000 regions
(buckets) of 0.001 ppm wide. After reduction over the
chemical range of − 0.5 to 10 ppm and considering an
exclusion area around the residual water signal (4.6 to
5.1 ppm), bucketing was performed using the AMIX
software (Bruker GmbH). The signal intensity in each
bucket was integrated using the sum intensities mode
and spectra were scaled to total intensity. From Noesy
and CPMG spectra, the buckets with a VIP score above
1, as revealed by PLS discriminant analysis (PLD-DA),
were analyzed deeply (1d and 2d NMR) in order to iden-
tify the related metabolites. Identification of the metabo-
lites (VIP buckets) based on the 1D and 2D NMR
spectra was done using metabolite databases HMDB
[72], BMRB [73] and relevant publications [74–77].
Imaging of bear muscle fibers using electron microscopy
Freshly collected muscle biopsies were fixed immediately
with 2.5% glutaraldehyde (Electron Microscopy Sciences,
Hatfield, PA, USA), then washed using PBS and
post-fixed in 1% osmium tetroxide (OsO4; Sigma Al-
drich). After dehydration in ethanol, followed by incuba-
tion in propylene oxide (VWR, Radnor, PA, USA),
samples were embedded in Epon (Electron Microscopy
Sciences) and kept at 60 °C overnight for polymerization.
Ultrathin sections were cut with a Reichert Ultracut S
ultramicrotome, stained with uranyl acetate and lead cit-
rate (Merck, Darmstadt, Germany), and examined with a
transmission electron microscope (JEOL 1011). Digital
images were obtained using GATAN CCD Orius 1000
camera with Digital Micrograph software.
Lipidomics analysis of bear serum
We prepared eight different mixes from individual bear
sera collected during four successive years (2012-2015),
i.e. one per season per year. Serum mixes consisted of
equivalent volumes of 2-7 individual samples collected
in a given season and year. Total lipids from bear serum
mixes (N = 4 per season) were extracted and analyzed, as
previously described [78]. Briefly, a double extraction
was carried out using ethanol/chloroform (1:2, v/v) after
internal standard addition. The organic phases were
dried under nitrogen, and samples were treated with
toluene-methanol (1:1, v/v) and boron trifluoride in
methanol (14%). Lipid transmethylation was then car-
ried out at 100 °C for 90 min in screw-capped tubes.
After the addition of 1.5 mL of K2CO3 in 10% water,
fatty acid methyl esters were extracted using 2 mL of
isooctane and analyzed by gas chromatography
(HP6890 instrument equipped with a fused silica ca-
pillary BPX70 SGE column; 60 × 0.25 mm). The vector
gas was hydrogen. Temperatures of the Ross injector
and flame ionization detector were set to 230 °C and
250 °C, respectively.
Statistical analysis
Multiple bears were analyzed as biological replicates.
Statistical analysis was performed using the R software
environment v3.0.2 [79]. Shapiro-Wilk, Bartlett, Welch
two sample and paired student t-tests, one-way ANOVA
and Tukey tests used the FactoMineR package. Type III
ANOVA used several R packages, including lmerTest,
lme4, lsmeans, and multcomp. It should be noted that
adjustment of p-values for multiple testing was done
using either the Benjamin-Hochberg (t-tests) or the Bon-
ferroni (ANOVA and Tukey tests) method.
For label-free (XIC) MS1-based analyses, the reprodu-
cibility of MaxLFQ values among technical replicates
was first checked using one-way ANOVA (p > 0.05). For
both proteomics approaches, we used the Shapiro-Wilk
test (p-value > 0.01) to check the normal distribution of
MaxLFQ values (XIC) and of normalized spot volumes
(2D-DIGE). Homoscedasticity was then tested using the
Bartlett test (p-value > 0.01). Changes in the abundance
of proteins between hibernating and summer-active
bears were assessed using Welch two sample t-tests for
both proteomics approaches or paired student t-tests
only for the 2D-DIGE approach, significance being set to
p-values < 0.05. Paired student t-tests were not applic-
able to XIC-derived data because of missing values.
For quantitative RT-PCR and western-blot analyses, as
well as metabolites measured using kits, and for amino
acid and fatty acid levels, we compared winter and sum-
mer seasons using paired student t-tests, with signifi-
cance being set to p-values < 0.05.
For glycogen levels, we used one-way ANOVA
followed by post-hoc Tukey tests to compare values in
free-living and captive bears. Significance was set to
p-values < 0.05 for both ANOVA and Tukey tests.
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For enzyme activity measurements, a comparison of
seasonal effects at different temperatures used a general
linear-mixed effects model (Type III ANOVA with
p-values for F-tests based on Satterthwaite method and
post-hoc Tukey tests for multiple pairwise comparisons);
significance was set to p-values < 0.05.
Statistical analysis of NMR-derived data was performed
using SIMCA 13.0 software. Data matrices were filtrated
using the Wilcoxon signed-rank test. A total of 96 buckets
from NOESY spectra and 103 from CPMG spectra
remained for further multivariate analyses. PCA did not
reveal any outliers, and PLS-DA (according to the seasons;
Pareto scaling) showed one principal component (Q2cum
= 0.797) for NOESY data and one (Q2cum = 0.766) for
CPMG data. Validations were made through “900 random
permutations” and “observed vs. predicted”. PLS-DA
showed VIP scores (i.e. importance into the model) for all
buckets. On NOESY data, 11 buckets had a VIP score
above 1.5 and 23 buckets above 1. On CPMG data, 11
buckets had a VIP score above 1.5 and 25 buckets above 1.
Those buckets were analyzed deeply (1d and 2d NMR) in
order to identify the related metabolites. Comparison of
the relative abundance of identified metabolites in winter
versus summer was performed using paired student
t-tests, considering significance with p-values < 0.05.
Bioinformatics analysis of proteomics data
Hierarchical clustering of proteomics data was per-
formed using Cluster v3.0 software [80]. Parameters
were set as follows: median centering and
normalization of genes for adjusting data and centroid
linkage clustering for both genes and arrays. Dendro-
grams were generated and viewed using the Treeview
v1.6.6 program [81].
From the list of identified bear proteins, and in order
to benefit from the more complete annotation of the hu-
man proteome, Swissprot identifiers of human protein
homologues were retrieved using BLAST searches
(FASTA program v36; downloaded from http://fasta.
bioch.virginia.edu/fasta_www2/fasta_down.shtml). Only
the best hits were retained, with a minimal sequence
similarity of 78% for differential proteins, and their ad-
equacy was checked manually for all proteins. Enrich-
ment and functional annotation analysis of proteomics
data was performed using the desktop version of DAVID
(Ease v2.1) and an updated version of Gene Ontology
(GO) databases (October 2017). Enriched GO terms
were filtered by only considering those with an Ease
score lower than 0.1, a Benjamini p-value lower than
0.01, and a fold enrichment higher than 2. Enriched GO
terms were grouped together into broad functional cat-
egories, which were then considered as enriched broad
functions.
Additional files
Additional file 1: Table S1. List of vastus lateralis proteins analysed in
hibernating (winter) and active (summer) brown bears (Ursus arctos)
using a MS-based strategy. (XLSX 4373 kb)
Additional file 2: Table S2. List of vastus lateralis proteins identified in
2D gel spots, and exhibiting a differential abundance between
hibernating (winter) and active (summer) brown bears (Ursus arctos).
(XLSX 53 kb)
Additional file 3: Figure S1. Representative 2D gel image of muscle
tissue proteins in bears. (PDF 183 kb)
Additional file 4: Figure S2. Representative blots of muscle tissue
proteins in brown bears. (PDF 384 kb)
Abbreviations
2D-DIGE: Two-dimensional differential in-gel electrophoresis; BLAST: Basic
local alignment search tool; DHA: Docosahexaenoic acid;
DPA: Docosapentaenoic acid; DTT: Dithiothreitol; EPA: Eicosapentaenoic acid;
GO: Gene ontology; IPG: Immobilized pH gradient; MS: Mass spectrometry;
MS/MS: Tandem mass spectrometry; MSDA: Mass spectrometry data analysis;
NMR: Nuclear magnetic resonance; OXPHOS: Oxidative phosphorylation;
PCR: Polymerase chain reaction; PUFA: Polyunsaturated fatty acids;
RQ: Respiratory quotient; TOF: Time-of-flight; UPLC: Ultra performance liquid
chromatography; XIC: Extracted ion chromatogram
Acknowledgments
The authors wish to thank the field capture team (S Brunberg, D Ahlqvist, A
Friebe, H Nordin, H Blomgren, S Persson), the Orsa Predator park team and
veterinarians K Madslien, J Debenham and T Lien, as well as people involved
in amino acid measurements (N Hafnaoui, D Rémond, C Buffière), lipidomics
analyses (P Daira), electron microscopy (A Schmitt), bioinformatics analysis (P
Guterl), and NMR-based analyses (PFEM team; MetaboHUB). This is scientific
paper no. 272 from the SBBRP.
Funding
This work was supported by the French Space Agency (CNES), CNRS and
Strasbourg University (H2E project; MyoBears project of the PEPS ExoMod
program), French Proteomic Infrastructure (ProFI; ANR-10-INSB-08-03, and
MetaHUB (French infrastructure in metabolomics & fluxomics; ANR-11-INBS-
0010). BC and AZi were supported by grants from the CNES and CNRS, and
SC by a grant from the National Swiss Fund. KBS is funded by grants from
NSERC Canada. The long-term funding of Scandinavian Brown Bear Research
Project (SBBRP) has come primarily from the Swedish Environmental Protec-
tion Agency, the Norwegian Environment Agency, the Austrian Science
Fund, and the Swedish Association for Hunting and Wildlife Management. Fi-
nancial support from the TGIR-RMN-THC Fr3050 CNRS is also gratefully
acknowledged.
Availability of data and materials
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE [82] partner repository with the
dataset identifiers PXD004908 (MS-based strategy) and PXD011687 (Gel-
based strategy).
Authors’ contributions
SB, EL, and FB conceived the study; BC, AZi, SC, MP, IC, CD, ALE, JMA, EL, and
FB performed the experiments; FB analyzed the data; EL and FB wrote the
original draft; KBS, AZe, JES, GG-K, CS, SB, EL, and FB reviewed and edited the
manuscript. All authors read and approved the final manuscript.
Ethics approval
The study was approved by the Swedish Ethical Committee on Animal
Experiment (applications #C212/9, #C47/9, #C7/12, #C268/12, and #C18/15),
the Swedish Environmental Protection Agency (NV-0758-14), and the
Swedish Board of Agriculture (31-11,102/12). All procedures complied with
Swedish laws and regulations.
Additionally, the samples obtained from captive bears had been collected
after the animals had been euthanized, and were kindly provided by the
Chazarin et al. Frontiers in Zoology           (2019) 16:12 Page 18 of 21
Norwegian Veterinary Institute, and the Orsa Predator Park in Sweden
(permit N° Dnr5.8.18-06068/2017).
Competing interests
The authors declare no competing interests.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1Université de Strasbourg, CNRS, IPHC UMR 7178, F-67000 Strasbourg, France.
2Department of Biology, Carleton University, Ottawa, ON K1S 5B6, Canada.
3CarMen Laboratory, INSERM 1060, INRA 1397, University of Lyon, F-69600
Oullins, France. 4Department of Forestry and Wildlife Management, Inland
Norway University of Applied Sciences, Campus Evenstad, NO-2480 Koppang,
Norway. 5Department of Wildlife, Fish, and Environmental Studies, Swedish
University of Agricultural Sciences, SE-901 83 Umeå, Sweden. 6Department of
Environmental and Health Studies, University College of Southeast Norway,
N-3800 Bø, Telemark, Norway. 7Institute of Wildlife Biology and Game
Management, University of Natural Resources and Life Sciences, A-1180
Vienna, Austria. 8Faculty of Environmental Sciences and Natural Resource
Management, Norwegian University of Life Sciences, NO-1432 Ås, Norway.
9Norwegian Institute for Nature Research, NO-7485 Trondheim, Norway.
10Centre National d’Etudes Spatiales, CNES, F-75001 Paris, France. 11Université
d’Auvergne, INRA, UNH UMR1019, F-63122 Saint-Genès Champanelle, France.
Received: 28 January 2019 Accepted: 8 April 2019
References
1. Carey HV, Andrews MT, Martin SL. Mammalian hibernation: cellular and
molecular responses to depressed metabolism and low temperature.
Physiol Rev. 2003;83:1153–81.
2. Ruf T, Geiser F. Daily torpor and hibernation in birds and mammals. Biol Rev
Camb Philos Soc. 2015;90:891–926.
3. Humphries MM, Thomas DW, Kramer DL. The role of energy availability in
mammalian hibernation: a cost-benefit approach. Physiol Biochem Zool. 2003;
76:165–79.
4. Manchi S, Swenson JE. Denning behaviour of Scandinavian brown bears
Ursus arctos. Wildl Biol. 2005;11:123–32.
5. Hissa R, Siekkinen J, Hohtola E, Saarela S, Hakala A, Pudas J. Seasonal
patterns in the physiology of the European Brown bear (Ursus-Arctos
Arctos) in Finland. Comp Biochem Phys A. 1994;109:781–91.
6. Harlow HJ, Lohuis T, Anderson-Sprecher RC, Beck TDI. Body surface
temperature of hibernating black bears may be related to periodic muscle
activity. J Mammal. 2004;85:414–9.
7. Geiser F. Metabolic rate and body temperature reduction during
hibernation and daily torpor. Annu Rev Physiol. 2004;66:239–74.
8. Geiser F. Conserving energy during hibernation. J Exp Biol. 2016;219:2086–7.
9. Staples JF. Metabolic flexibility: hibernation, torpor, and estivation. Compr
Physiol. 2016;6:737–71.
10. Evans AL, Singh NJ, Friebe A, Arnemo JM, Laske TG, Frobert O, Swenson JE,
Blanc S. Drivers of hibernation in the brown bear. Front Zool. 2016;13:7.
11. Toien O, Blake J, Edgar DM, Grahn DA, Heller HC, Barnes BM. Hibernation in
black bears: independence of metabolic suppression from body
temperature. Science. 2011;331:906–9.
12. Stenset NE, Lutnaes PN, Bjarnadottir V, Dahle B, Fossum KH, Jigsved P, Johansen
T, Neumann W, Opseth O, Ronning O, Steyaert SMJG, Zedrosser A, Brunberg S,
Swenson JE. Seasonal and annual variation in the diet of brown bears Ursus
arctos in the boreal forest of southcentral Sweden. Wildl Biol. 2016;22:107–16.
13. Swenson JE, Adamic M, Huber D, Stokke S. Brown bear body mass and
growth in northern and southern Europe. Oecologia. 2007;153:37–47.
14. Lohuis TD, Harlow HJ, Beck TD. Hibernating black bears (Ursus americanus)
experience skeletal muscle protein balance during winter anorexia. Comp
Biochem Physiol B Biochem Mol Biol. 2007;147:20–8.
15. Tinker DB, Harlow HJ, Beck TD. Protein use and muscle-fiber changes in
free-ranging, hibernating black bears. Physiol Zool. 1998;71:414–24.
16. Hellgren EC. Physiology of hibernation in bears. Ursus-Series. 1998;10:467–77.
17. Elia M. Organ and tissue contribution to metabolic rate. In: Kinney JM,
Tucker HN, editors. Energy metabolism: tissue determinants and cellular
corollaries. New York: Raven Press; 1992. p. 61–80.
18. Owen OE, Reichard GA Jr, Boden G, Patel MS, Trapp J. Interrelationships among
key tissues in the utilization of metabolic substrate. In: Katzen HM, Mahler RJ,
editors. Advances in modern nutrition. Vol 2. Diabetes. Obesity, and vascular
disease: metabolic and molecular interrelationships. Part 2. New York: Wiley; 1978.
p. 517–50.
19. Zurlo F, Larson K, Bogardus C, Ravussin E. Skeletal muscle metabolism is a
major determinant of resting energy expenditure. J Clin Invest. 1990;86:1423–7.
20. Zurlo F, Nemeth PM, Choksi RM, Sesodia S, Ravussin E. Whole-body energy
metabolism and skeletal muscle biochemical characteristics. Metabolism.
1994;43:481–6.
21. Fedorov VB, Goropashnaya AV, Toien O, Stewart NC, Gracey AY, Chang C, Qin
S, Pertea G, Quackenbush J, Showe LC, Showe MK, Boyer BB, Barnes BM.
Elevated expression of protein biosynthesis genes in liver and muscle of
hibernating black bears (Ursus americanus). Physiol Genomics. 2009;37:108–18.
22. Anderson KJ, Vermillion KL, Jagtap P, Johnson JE, Griffin TJ, Andrews MT.
Proteogenomic analysis of a hibernating mammal indicates contribution of
skeletal muscle physiology to the hibernation phenotype. J Proteome Res.
2016;15:1253–61.
23. Hindle AG, Karimpour-Fard A, Epperson LE, Hunter LE, Martin SL. Skeletal
muscle proteomics: carbohydrate metabolism oscillates with seasonal and
torpor-arousal physiology of hibernation. Am J Physiol Regul Integr Comp
Physiol. 2011;301:R1440–52.
24. Hittel D, Storey KB. Differential expression of adipose- and heart-type fatty
acid binding proteins in hibernating ground squirrels. Biochim Biophys Acta.
2001;1522:238–43.
25. Vermillion KL, Anderson KJ, Hampton M, Andrews MT. Gene expression
changes controlling distinct adaptations in the heart and skeletal muscle of
a hibernating mammal. Physiol Genomics. 2015;47:58–74.
26. Yan J, Barnes BM, Kohl F, Marr TG. Modulation of gene expression in
hibernating arctic ground squirrels. Physiol Genomics. 2008;32:170–81.
27. Shimozuru M, Nagashima A, Tanaka J, Tsubota T. Seasonal changes in the
expression of energy metabolism-related genes in white adipose tissue and
skeletal muscle in female Japanese black bears. Comp Biochem Physiol B
Biochem Mol Biol. 2016;196-197:38–47.
28. Fedorov VB, Goropashnaya AV, Stewart NC, Toien O, Chang C, Wang H, Yan
J, Showe LC, Showe MK, Barnes BM. Comparative functional genomics of
adaptation to muscular disuse in hibernating mammals. Mol Ecol.
2014;23:5524–37.
29. Abnous K, Storey KB. Skeletal muscle hexokinase: regulation in mammalian
hibernation. Mol Cell Biochem. 2008;319:41–50.
30. Soukri A, Valverde F, Hafid N, Elkebbaj MS, Serrano A. Characterization of
muscle glyceraldehyde-3-phosphate dehydrogenase isoforms from
euthermic and induced hibernating Jaculus orientalis. Biochim Biophys Acta.
1995;1243:161–8.
31. MacDonald JA, Storey KB. Purification and characterization of fructose
bisphosphate aldolase from the ground squirrel, Spermophilus lateralis: enzyme
role in mammalian hibernation. Arch Biochem Biophys. 2002;408:279–85.
32. Macdonald JA, Storey KB. Temperature and phosphate effects on allosteric
phenomena of phosphofructokinase from a hibernating ground squirrel
(Spermophilus lateralis). FEBS J. 2005;272:120–8.
33. Rowles J, Scherer SW, Xi T, Majer M, Nickle DC, Rommens JM, Popov KM,
Harris RA, Riebow NL, Xia J, Tsui LC, Bogardus C, Prochazka M. Cloning and
characterization of PDK4 on 7q21.3 encoding a fourth pyruvate
dehydrogenase kinase isoenzyme in human. J Biol Chem.
1996;271:22376–82.
34. Buck MJ, Squire TL, Andrews MT. Coordinate expression of the PDK4 gene:
a means of regulating fuel selection in a hibernating mammal. Physiol
Genomics. 2002;8:5–13.
35. Logan SM, Storey KB. Tissue-specific response of carbohydrate-responsive
element binding protein (ChREBP) to mammalian hibernation in 13-lined
ground squirrels. Cryobiology. 2016;73:103–11.
36. Bell RAV, Storey KB. Purification and characterization of skeletal muscle
pyruvate kinase from the hibernating ground squirrel, Urocitellus
richardsonii: potential regulation by posttranslational modification during
torpor. Mol Cell Biochem. 2018;442:47–58.
37. Wijenayake S, Tessier SN, Storey KB. Regulation of pyruvate dehydrogenase
(PDH) in the hibernating ground squirrel, (Ictidomys tridecemlineatus). J
Therm Biol. 2017;69:199–205.
Chazarin et al. Frontiers in Zoology           (2019) 16:12 Page 19 of 21
38. Romijn JA, Coyle EF, Sidossis LS, Gastaldelli A, Horowitz JF, Endert E, Wolfe
RR. Regulation of endogenous fat and carbohydrate metabolism in relation
to exercise intensity and duration. Am J Phys. 1993;265:E380–91.
39. Schlattner U, Tokarska-Schlattner M, Wallimann T. Mitochondrial
creatine kinase in human health and disease. Biochim Biophys Acta.
2006;1762:164–80.
40. Brown JC, Chung DJ, Belgrave KR, Staples JF. Mitochondrial metabolic
suppression and reactive oxygen species production in liver and skeletal
muscle of hibernating thirteen-lined ground squirrels. Am J Physiol Regul
Integr Comp Physiol. 2012;302:R15–28.
41. Barger JL, Brand MD, Barnes BM, Boyer BB. Tissue-specific depression of
mitochondrial proton leak and substrate oxidation in hibernating arctic
ground squirrels. Am J Physiol Regul Integr Comp Physiol.
2003;284:R1306–13.
42. Rolfe DF, Brown GC. Cellular energy utilization and molecular origin of
standard metabolic rate in mammals. Physiol Rev. 1997;77:731–58.
43. MacDonald JA, Storey KB. Regulation of ground squirrel Na+K+-ATPase
activity by reversible phosphorylation during hibernation. Biochem Biophys
Res Commun. 1999;254:424–9.
44. Hu LY. Kontrogianni-Konstantopoulos a. the kinase domains of obscurin
interact with intercellular adhesion proteins. FASEB J. 2013;27:2001–12.
45. Malysheva AN, Storey KB, Ziganshin RK, Lopina OD, Rubtsov AM.
Characteristics of sarcoplasmic reticulum membrane preparations isolated
from skeletal muscles of active and hibernating ground squirrel
Spermophilus undulatus. Biochemistry (Mosc). 2001;66:918–25.
46. Stammers AN, Susser SE, Hamm NC, Hlynsky MW, Kimber DE, Kehler DS,
Duhamel TA. The regulation of sarco(endo)plasmic reticulum calcium-
ATPases (SERCA). Can J Physiol Pharmacol. 2015;93:843–54.
47. Giroud S, Frare C, Strijkstra A, Boerema A, Arnold W, Ruf T. Membrane
phospholipid fatty acid composition regulates cardiac SERCA activity in a
hibernator, the Syrian hamster (Mesocricetus auratus). PLoS One.
2013;8:e63111.
48. Wyss M, Kaddurah-Daouk R. Creatine and creatinine metabolism. Physiol
Rev. 2000;80:1107–213.
49. Cholewa JM, Guimaraes-Ferreira L, Zanchi NE. Effects of betaine on
performance and body composition: a review of recent findings and
potential mechanisms. Amino Acids. 2014;46:1785–93.
50. Graesli AR, Evans AL, Fahlman A, Bertelsen MF, Blanc S, Arnemo JM. Seasonal
variation in haematological and biochemical variables in free-ranging subadult
brown bears (Ursus arctos) in Sweden. BMC Vet Res. 2015;11:301.
51. Kusudo T, Kontani Y, Kataoka N, Ando F, Shimokata H, Yamashita H. Fatty
acid-binding protein 3 stimulates glucose uptake by facilitating AS160
phosphorylation in mouse muscle cells. Genes Cells. 2011;16:681–91.
52. Burlington RF, Wiebers JE. Anaerobic glycolysis in cardiac tissue from a
hibernator and non-hibernator as effected by temperature and hypoxia.
Comp Biochem Physiol. 1966;17:183–9.
53. Evans AL, Sahlen V, Stoen OG, Fahlman A, Brunberg S, Madslien K, Frobert
O, Swenson JE, Arnemo JM. Capture, anesthesia, and disturbance of free-
ranging brown bears (Ursus arctos) during hibernation. PLoS One.
2012;7:e40520.
54. Shimozuru M, Kamine A, Tsubota T. Changes in expression of hepatic genes
involved in energy metabolism during hibernation in captive, adult, female
Japanese black bears (Ursus thibetanus japonicus). Comp Biochem Phys B.
2012;163:254–61.
55. Alsahli M, Gerich JE. Renal glucose metabolism in normal physiological
conditions and in diabetes. Diabetes Res Clin Pract. 2017;133:1–9.
56. Jani A, Martin SL, Jain S, Keys D, Edelstein CL. Renal adaptation during
hibernation. Am J Physiol Renal Physiol. 2013;305:F1521–32.
57. Singer MA. Vampire bat, shrew, and bear: comparative physiology and
chronic renal failure. Am J Physiol Regul Integr Comp Physiol. 2002;282:
R1583–92.
58. Riley DA, Van Dyke JM, Vogel V, Curry BD, Bain JLW, Schuett R, Costill
DL, Trappe T, Minchev K, Trappe S. Soleus muscle stability in wild
hibernating black bears. Am J Physiol Regul Integr Comp Physiol. 2018;
315:R369–79.
59. Tashima LS, Adelstein SJ, Lyman CP. Radioglucose utilization by active,
hibernating, and arousing ground squirrels. Am J Phys. 1970;218:303–9.
60. Deval C, Capel F, Laillet B, Polge C, Bechet D, Taillandier D, Attaix D,
Combaret L. Docosahexaenoic acid-supplementation prior to fasting
prevents muscle atrophy in mice. J Cachexia Sarcopenia Muscle.
2016;7:587–603.
61. Kim J, Carlson ME, Kuchel GA, Newman JW, Watkins BA. Dietary DHA
reduces downstream endocannabinoid and inflammatory gene expression
and epididymal fat mass while improving aspects of glucose use in muscle
in C57BL/6J mice. Int J Obes. 2016;40:129–37.
62. Smith GI, Julliand S, Reeds DN, Sinacore DR, Klein S, Mittendorfer B. Fish oil-
derived n-3 PUFA therapy increases muscle mass and function in healthy
older adults. Am J Clin Nutr. 2015;102:115–22.
63. Wei HK, Zhou YF, Jiang SZ, Tao YX, Sun HQ, Peng J, Jiang SW. Feeding a
DHA-enriched diet increases skeletal muscle protein synthesis in growing
pigs: association with increased skeletal muscle insulin action and local
mRNA expression of insulin-like growth factor 1. Brit J Nutr.
2013;110:671–80.
64. Woodworth-Hobbs ME, Perry BD, Rahnert JA, Hudson MB, Zheng B, Russ PS.
Docosahexaenoic acid counteracts palmitate-induced endoplasmic
reticulum stress in C2C12 myotubes: impact on muscle atrophy.
Physiol Rep. 2017;5:e13530.
65. Giroud S, Evans AL, Chery I, Bertile F, Tascher G, Bertrand-Michel J,
Gauquelin-Koch G, Arnemo JM, Swenson JE, Lefai E, Blanc S, Simon C.
Seasonal changes in eicosanoid metabolism in the brown bear.
Naturwissenschaften. 2018;105:58.
66. Arnemo JM, Evans AL. Biomedical protocols for free-ranging brown bears,
wolves, wolverines and lynx. Report 2017. 2017;http://bearproject.info/
publications/.
67. Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M. Accurate proteome-
wide label-free quantification by delayed normalization and maximal
peptide ratio extraction, termed MaxLFQ. Mol Cell Proteomics.
2014;13:2513–26.
68. Carapito C, Burel A, Guterl P, Walter A, Varrier F, Bertile F, Van Dorsselaer A.
MSDA, a proteomics software suite for in-depth mass spectrometry data
analysis using grid computing. Proteomics. 2014;14:1014–9.
69. Plumel MI, Stier A, Thierse D, van Dorsselaer A, Criscuolo F, Bertile F.
Litter size manipulation in laboratory mice: an example of how
proteomic analysis can uncover new mechanisms underlying the cost
of reproduction.
Front Zool. 2014;11:41.
70. Dessalle K, Euthine V, Chanon S, Delarichaudy J, Fujii I, Rome S, Vidal H,
Nemoz G, Simon C, Lefai E. SREBP-1 transcription factors regulate skeletal
muscle cell size by controlling protein synthesis through myogenic
regulatory factors. PLoS One. 2012;7:e50878.
71. Lefai E, Terrier-Cayre A, Vincent A, Boespflug-Tanguy O, Tanguy A,
Alziari S. Enzymatic activities of mitochondrial respiratory complexes
from children muscular biopsies. Age-related evolutions Biochim
Biophys Acta. 1995;1228:43–50.
72. Wishart DS, Jewison T, Guo AC, Wilson M, Knox C, Liu Y, Djoumbou Y,
Mandal R, Aziat F, Dong E, Bouatra S, Sinelnikov I, Arndt D, Xia J, Liu P,
Yallou F, Bjorndahl T, Perez-Pineiro R, Eisner R, Allen F, Neveu V, Greiner
R, Scalbert A. HMDB 3.0--the human metabolome database in 2013.
Nucleic Acids Res. 2013;41:D801–7.
73. Ulrich EL, Akutsu H, Doreleijers JF, Harano Y, Ioannidis YE, Lin J, Livny
M, Mading S, Maziuk D, Miller Z, Nakatani E, Schulte CF, Tolmie DE,
Kent Wenger R, Yao H, Markley JL. BioMagResBank. Nucleic Acids Res.
2008;36:D402–8.
74. Beckonert O, Coen M, Keun HC, Wang Y, Ebbels TM, Holmes E, Lindon
JC, Nicholson JK. High-resolution magic-angle-spinning NMR
spectroscopy for metabolic profiling of intact tissues. Nat Protoc. 2010;5:
1019–32.
75. Fan TWM, Lane AN. Structure-based profiling of metabolites and
isotopomers by NMR. Prog Nucl Mag Res Sp. 2008;52:69–117.
76. Fan WMT. Metabolite profiling by one- and two-dimensional NMR analysis
of complex mixtures. Prog Nucl Mag Res Sp. 1996;28:161–219.
77. Nicholson JK, Foxall PJ, Spraul M, Farrant RD, Lindon JC. 750 MHz 1H and
1H-13C NMR spectroscopy of human blood plasma. Anal Chem.
1995;67:793–811.
78. Lefils J, Geloen A, Vidal H, Lagarde M, Bernoud-Hubac N. Dietary DHA:
time course of tissue uptake and effects on cytokine secretion in mice.
Br J Nutr. 2010;104:1304–12.
79. R Development Core Team. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna. 2008; ISBN 3-
900051-07-0, URL http://www.R-project.org
80. de Hoon MJ, Imoto S, Nolan J, Miyano S. Open source clustering software.
Bioinformatics. 2004;20:1453–4.
Chazarin et al. Frontiers in Zoology           (2019) 16:12 Page 20 of 21
81. Page RD. TreeView: an application to display phylogenetic trees on personal
computers. Comput Appl Biosci. 1996;12:357–8.
82. Vizcaino JA, Csordas A, del-Toro N, Dianes JA, Griss J, Lavidas I, Mayer G,
Perez-Riverol Y, Reisinger F, Ternent T, Xu QW, Wang R, Hermjakob H. 2016
update of the PRIDE database and its related tools. Nucleic Acids Res.
2016;44:D447–56.
Chazarin et al. Frontiers in Zoology           (2019) 16:12 Page 21 of 21
